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ABSTRACT 
This dissertation describes photoluminescence (PL) measurement and finite 
element thermal modeling to quantify optically induced surface heating of lead 
chalcogenide (IV-VI) semiconductor thin films and extract thermal conductivity for 
different superlattice (SL) materials.  The results provide the first experimental evidence 
on the role of PbSe and Pb0.85Sn0.15Se SL layer thicknesses in modifying thermal 
transport properties in the temperature range from 300 K to 90 K.  Low temperature 
data at 90 K indicated a reduction in lattice thermal conductivity by a factor of 9, from 
4.0 Wm-1K-1 to 0.45 Wm-1K-1, for 1.2 nm thick SL layers as compared to bulk PbSe.  
This dissertation also contains characterization data for the electrical conductivity, σ, 
and Seebeck coefficient, S, for lightly doped SL materials.  The performance of these 
materials was estimated using the thermoelectric (TE) figure of merit ZT ≡ S2σT/k.  The 
data indicate SL materials with an optimal dopant concentration of 3 x 1018 cm-3 at 300 
K can be fabricated with σ = 1000 S/cm, S = -190 µV/K and a cross-plane thermal 
conductivity k = 1.0 Wm-1K-1 which would result in a ZT ≥ 1.0.  The same SL will have 
a ZT = 0.20 at 100 K, much better than bulk PbSe, which has a ZT = 0.05 at 100 K.  
These results show that IV-VI SL materials can enable development of next generation 
TE devices for cooling applications.  The first in-depth analysis of phonon wave theory 
for the IV-VI semiconductor system is also presented to estimate the potential for 
further reduction of cross-plane thermal conductivity from interface reflections.  The 
standard transfer matrix method for optical distributed Bragg reflectors (DBRs) adapted 
to acoustic waves was implemented to calculate the thickness of SL layers and the 
number of mirror pairs required for reflectance of different phonon energies. 
Chapter 1 
 
Introduction 
 
1.1 Motivation 
The objective of this research is to advance the understanding of thermal and 
electronic processes in nanostructured materials.  Periodic materials such as multiple 
quantum wells (MQWs) and superlattices (SLs) can be engineered to utilize both 
quantum size and coherent wave effects to alter cross-plane thermal and electrical 
properties [1-6].  Novel engineered nano-materials, such as those characterized in this 
research, have been shown to greatly reduce cross-plane thermal conductivity.  The 
molecular beam epitaxy (MBE) growth of MQWs on SLs represents the first attempt to 
integrate advanced thermoelectric materials on industry standard silicon wafers. 
New IV-VI semiconductor nanostructured material can improve the 
performance of optical and thermoelectric (TE) devices.  Improved TE material could 
both lower the theoretical and practical limits of solid-state refrigeration devices while 
reducing the physical size.  These same materials can also be used to generate electric 
power from waste heat.  Improving power generation efficiency could lead to the 
development of cost effective renewable energy with both social and environmental 
impact.  In addition the epitaxial fabrication of multi-layer IV-VI semiconductor optical 
devices provides a clear pathway to the realization of compact sensors using mid-
infrared (IR) lasers and detectors for trace gas detection in biomedical [7], 
environmental [8], and agricultural [9] applications.  
 1
1.2 Quantum Electronics 
1.2.1 Macro (Ray) Optics 
Modern physics employs a wave-particle duality to describe photon energy and 
motion when the size of objects approaches the wavelength of the photon [10].  Two 
fundamental laws of classical physics are employed throughout this research: the first is 
the Beer-Lambert law, Eq. 1.1, that states the intensity of a photon beam traveling in a 
medium at a given wavelength λ, is proportional to the incident intensity and decays 
 
different media. The angle of the transmitted beam, θt, is related to the incident beam 
angle, θi, and the wavelength dependent index of refraction, n(λ), for each material. The 
reflection coefficient for un-polarized light (Rs) can be calculated from these thre
(1.1)cLeII )(0)(
λαλ −=  
exponentially proportional to the distance traveled.  The variable function, α(λ), is the 
absorption coefficient and varies with both material and wavelength of the photon.  The 
variable c is the concentration of a given absorber in a multi-component mixture and is 
equal to or less than 1.  The distance traveled in the medium is often symbolized by L, 
for path length or d for distance when the mixture is homogenous and c = 1.  The 
second ray optic principle used is Snell’s Law and the Fresnel Equations, Eq. 1.2 a) and 
b), to calculate the transmission and reflection of photons at the boundary of two 
e 
values 
(1.2)( )( )
( )
( )
2
1 sin)(sin ⎦⎣ − itt n θθλθ
2 sin),
)(sin
) ⎥⎤⎢⎡ −== itsi Rbna θθλθ
to determine the percentage of optical power reflected at the material surface.   
These classical descriptions for a plane wave photon beam fail to explain the 
experimentally observed focusing effects of a convex lens.  Light velocity in the lens is 
 2
reduced compared to air that combined with the lens geometry delays and redirects 
approaching photons to the same focal point on exit. However, the focal point has a 
finite size with a non-constant optical intensity that has been measured to be spatially 
distributed along a given axis by the Gaussian function.  The total integral of the 
Gaussian function is equal to unity, Eq. 1.3, and is defined by the width (spread), σ, and 
 
an axis offset, µ.  Figure 1-1 a) shows two Gaussian functions with different values of σ. 
Figure 1-1 b) shows the normalized intensity and total integral as a function of distance 
from the central maximum relative to σ.  The minimum width of the focal “spot” size 
varies with both the wavelength of light being focused and lens properties providing 
 
 
experimental evidence of wave diffraction limited optics. 
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Figure 1-1: a) Two Gaussian curves with σ = 250 µm and σ = 333 µm and b) the
function amplitude and integral as a function of distance from the maximum value. 
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1.2.2 Blackbody Radiation 
Diffraction limited optics lead to acceptance of photons having a relationship 
between energy and wavelength.  This alone did not explain the disagreement of macro 
physics theory with the measured blackbody spectral emission from objects at different 
temperatures, Figure 1-2.  Gas molecule absorption in the optical path between the 
blackbody and measurement device are visible in the experimental data.  The decrease 
in optical intensity at higher energies was explained by Plank’s theory in 1900 that 
energy existed in finite quanta with an experimentally determined constant h = 6.63 x 
10-34 Joule • sec.  This theory results in an ideal blackbody spectral emittance, S(E=hυ),  
that varies with the photon energy, E, that is related to the wave frequency, υ, through 
Plank’s constant, Eq. 1.4.   The first term in the equation, ρ(E), defines a concept called 
the density of states that describes the number of solutions for a wave equation within a 
fixed energy interval around a given energy.  The second term known as the expectation 
value of energy <hν(T)> is the product of the energy and the probability of occupation 
Oriel FTIR
8 cm-1 Resolution
Hawkeye Blackbody
Figure 1-2: Blackbody emission from an object at three different temperatures
measured by Fourier Transform spectroscopy. 
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at a given temperature, T.  The solution to this equation is based on a three dimensional 
volume and electron energy level occupation governed by the Pauli Exclusion Principle 
and described by the Fermi-Dirac distribution relating thermal energy through 
emitted by a blackbody was described by Stefan and Boltzmann, Eq. 1.5.   For real 
materials an additional energy dependent parameter called the emissivity, e(hν), 
 
 
 be emitted from the material surface.  Quantum 
theory 
The phonon is a wave-like periodic deformation of the localized atomic lattice 
Boltzmann’s constant, kB = 1.3806 10-23 J/K.  The solution for the total optical power 
describes the probability a photon will
was expanded upon by Einstein with the photoelectric effect and others to 
describe the wave-energy-momentum relationship for photon emission and absorption. 
 
1.2.3 Photon-Electron Interaction 
First Compton with x-rays [11] then later Raman with optical photons [12], 
observed inelastic scattering of monochromatic beams, see Figure 1-3. The scattering 
process in a solid object begins at Time 0 with absorption of photons having the same 
energy, E = hυ.  Each photon transfers all of its energy to a single exciton (electron-hole 
pair) that exists for a finite time at this excited energy level before radiative 
recombination and creation of another photon.  During this period of time the energy of 
some of the excitons changes due to interaction with a third quasi-particle, referred to as 
a phonon with energy E = Ñω, where the angular frequency, ω = 2πυ, and Ñ = h/(2π).  
4
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equilibrium with a real mass and momentum that results in an energy that can be 
approximated by Hook’s Law [14].  Phonons can be created that lowers the energy of 
processes.  The Anti-Stokes processes, where exciton energy increases, are less likely as 
excitons s can be abso ases exciton e  scattering of 
p  ur and 
is referred to as Rayleigh scattering.   
 or phonon rbed that incre nergy.  Elastic
hotons at the same incident energy by a material is the most likely process to occ
Time 0 < Time 1 < Time 2 
3 Photons Absorbed 3 Photons Sca3 Excitons & 2 Phonons ttered 
 
The Raman spectrum of each material is unique and has a regular temperature 
dependence that has enabled development of microscopes that can be used to identify 
both composition and temperature of samples [13].  The photons scattered by a material 
sample are measured over a wide range of energies however, the spectra has several 
distinct emission peaks with symmetric spacing around the monochromatic input as 
shown in Figure 1-4.  The relative amplitude and Raman shift of these peaks is an 
inherent material property based on the allowed energy and population density of 
phonons.  The scattering events that lower exciton energy, through the creation of 
phonons or additional excitons with lower energy, are referred to as the Stokes 
Figure 1-3: Diagram explaining Raman spectroscopy: radiation with energy E = hυ
incident on an object at Time 0, phonons change the energy of electrons at Time 1, and
the electrons recombine and emit photons with different energies at Time 2. 
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shown in the relative amplitudes of the two spectral peaks.  Scattering occurs on a 
timescale called the lifetime of a particle, τ, that is a probabilistic measure of the 
 
 
average time a given percentag xcited particles.  The total 
number of excited particles decays exponentially with time, n(t) = n(0)exp(-τ t).   
e of a large number of e
Scattered Photon Energy 
In
te
ns
ity
 (a
.u
.)
E=hν E=E+ΔEE=E-ΔE
Rayleigh Scattering Peak 
Anti-Stokes 
Peak 
Stokes 
Peak 
Figure 1-4: Theoretical Raman spectra of monochromatic photons with E = hυ. 
1.2.4 Crystals and Phonons 
The unique wave motion/energy of phonons in a material is based on atomic 
spacing and interaction.  Materials known as salts form cubic crystals structure similar 
to sodium chloride (NaCl) with two-intertwined face-centered cubic (FCC) sub-lattices 
with lattice parameter, a0, and atomic spacing at half the distance [15], Figure 1-5.  
These structures represent the lowest allowable free energy for a given set of atoms 
based primarily on electro-static effects.  Atomic crystal dynamics is approximated with 
a ball-spring model with displacement described by a wave equation that has a 
harmonic solution with a given relationship between angular frequency and velocity, v.  
The periodic displacement of perpendicular atomic planes along a given propagation 
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direction is called a longitudinal acoustic (LA) phonon. Differential solutions to the 
( ) of a material, Eq. 1.6, with the stiffness parameters for NaCl crystals 
to four-fold L-point <111> and six-fold x-point <100> degeneracy with identical 
 
wave-energy solutions [
wave equations show the phonon velocity is related to the stiffness (C) and the density 
ρ
 
[16]. In addition to the longitudinal wave a transverse acoustic (TA) phonon exists with 
a velocity that can be calculated using Eq. 1.7.  The symmetry of the cubic crystal leads 
(1.7)ρ3
441211 ccc +−
(1.6)
)111(vTA =
ρ3
42)111(v 441211LA
ccc ++=
17].  The elastic coefficients have been investigated thoroughly 
and are summarized for some materials of interest in Table 1-1.  In addition to acoustic 
waves other types of periodic atomic motion include higher energy optical phonons 
(both LO and TO) and nanostructure specific phonons such as “twisting” modes in 
carbon nanotubes [18].  The energy of several types of phonons for different materials 
a) b)
Figure 1-5: PbSe rock-salt crystal structure with dimensions in Angstroms: a) isometric
view and b) a cross-section view of the <111> orientation. 
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Table 1-1: Sound velocity calculations for IV-VI semiconductors from reported
material crystal properties. 
 Reported Parameters Crystal Velocity (km/sec) 
Material c11 c12 c44 ρ g/cm3  Plane VL VT GPa GPa GPa 
 
 
used in this research is listed in Table 1-2.  These phonon properties were measured 
using Raman spectroscopy and several well developed mechanical techniques [19].  The 
phonon obeys quantum mechanical principles such as the density of states and an 
occupation probability that varies as a function of temperature that is best modeled by 
the Bose-Einstein distribution.  Phonons also exhibit a finite lifetime dictated by the 
probability of different types of scattering events including interaction with electrons 
and other phonons. 
Semiconductor 
Phonon Type and Energy (meV) 
TA LA TO LO 
Symmetry <  <  <111> 110> <111> 10>111> 111>  <  <1
Silicon (Si) 13.8 47.0 61.4 63.0 52.0 63.0 
Lead Selenide (PbSe) 7.3 12.9 16.1 5.6 17.9 16.3 
Pb0.93Sr0.07Se (Strontium) 7.1 12.6 15.9 5.5 17.9 16.1 
Pb0.85Sn0.15Se (Tin) 7.7 14.0 16.6 5.8 18.4 16.4 
Lead Telluride (PbTe) 7.5 11.6 12.5 4.6 14.8 13.3 
Table 1-2: Reported phonon energies for various semiconductor compounds. 
PbSe 124 19.3 16.0 8.274 Cubic 
100 3.87 1.39 
111 3.02 2.21 
PbTe 108 7.50 13.2 8.242 Cubic 
100 3.62 1.27 
111 2.67 2.14 
SnSe 103 *28 18 6.179 Rhomb 100 4.08 1.71 
SrSe 120 13 54 4.540 Tetra. 100 5.14 3.45 
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1.3 Thermopower 
The relationships between electrical energy, a voltage potential difference (ΔV) 
or current (I), and temperature were reported in the 1800s by Seebeck (S), Peltier (Π), 
and Thompson (β).  The thermoelectric properties, Eq. 1.8 a)-d), of novel materials and 
device structures have seen recent research interest due to applications in power 
generation and solid-state cooling [20]. The relative conversion efficiency between 
TSZTd
TI
Qc
Q
Ib
T
VSa κ
σβ
2
),),),) ≡Δ≡≡ΠΔ
Δ≡ (1.8)
 
energy forms for a material is described by thermopower figure of merit, ZT, that is 
proportional to the Seebeck coefficient squared and the electrical conductivity, σ, and 
inversely proportional to thermal conductivity, k.  Figure 1-6, taken from [21], shows a 
comparison of ZT for different materials at different temperatures.  The dashed lines 
represent bulk materials and both BiSbTe and SiGe have a maximum ZT ≈ 1 at 50 °C 
and 950 °C respectively.  Bulk PbTe has a lower maximum ZT ≈ 0.6 than both of these 
materials but this maximum occurs at a temperature of 400 °C.  Therefore both PbTe 
and PbSe, which have k ≈ 2 – 5 Wm-1K-1, are promising materials for power generation 
from waste heat recovery [22]. However, the ZT value is not limited by these intrinsic 
bulk material properties.  A second class of nanostructured materials has been 
developed to lower thermal conductivity through engineering design.  Nanostructured 
material has two categories: one has structural differences that occur on the order of 10 
nm or less within a thicker material while the second material type including quantum 
wires, dots, or atomic layer sheets employs dimensional confinement [18].  Increases in  
phonon scattering with material boundaries and intentional crystal defects such as 
imbedded nanoparticles in silicon and SiGe (solid lines in Figure 1-6) has resulted in a 
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2X improvement in ZT due to reduction of thermal conductivity [23].  Low dimensional 
structures limit the types of phonons that can exist and reduces thermal transport.    
Figure 1-6: Thermopower figure of merit, ZT, reported for various materials [21]: bulk
materials are dashed lines and nanostructured materials have solid lines.  
 
1.3.1 Macro-to-Nano Thermodynamics 
The first law of thermodynamics, Eq. 1.9 a), explains energy conservation 
through changes in thermal energy (Q), the internal energy (U), and particle continuity 
(n) of a system.  The second law, Eq. 1.90 b), states that entropy (S) production, or 
irreversible losses, of ordered to disordered energy will continue until equilibrium is 
 (1.9)QTdSbdnAdUdQa δμδ ≥−+= ))
reached.  The “phenomenological” solution to describe heat transfer from a hot object to 
a cold object through conduction results in Fourier’s law, Eq. 1.10: that any solid object 
with a temperature differential is a thermal “resistor” and has a linear temperature 
gradient.  However, as objects get smaller thermodynamics must be approached with 
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quantum mechanical principles.  Debye and Einstein both proposed theories with a 
similar form, Eq. 1.11, to calculate the temperature dependence of the internal energy of 
 QT −=∇•∇ )(κ (1.10)
solid based on the heat capacity of a given volume (CV) using the phonon energy, Ñω, 
the density of states, D(Ñω), and the occupation probability at given energy, <n(Ñω)>.  
The lattice thermal conductivity, klat, or heat transfer from atomic motion can be 
 
calculated from this equation using the relaxation time approximation [24] and results in 
Eq. 1.12 that is proportional to CV, the phonon velocity, v(Ñω), and the phonon lifetime, 
τ(ω), summed over all of the different phonon types, j.  The latter two terms 
can be grouped together to define the mean free path, Λ ≡ v × τ, as a statistical measure 
of the distance a phonon travels before a scattering event.  The temperature dependence 
of thermal conductivity for PbSe is shown in Figure 1-7 adapted from Shalyt et al [25].  
At higher temperatures, greater than 100 K, the phonon lifetime and therefore the mean 
free path is dominated by Umklapp scattering and k  is inversely proportional to 
temperature.  As the material temperature is lowered the mean free path increases until 
it reaches a maximum equal to the size of the object.  At temperatures below the value 
when the mean free path “size” limit occurs the lattice thermal conductivity becomes 
proportional only to C .  Low temperature measurements of heat capacity verified the 
Debye model that states C  ∝ (T/θ )3 where the intrinsic material parameter, θ , is 
referred to as the Debye temperature. 
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1.3.2 Engineering Thermopower 
 The most simple and straight-forward approach to engineer improved TE 
material is to increase the electrical conductivity, Figure 1-8, through manipulation of 
doped semiconductor carrier concentration.  However, increased carrier concentrations 
reduce the Seebeck effect in a material and lowers ZT ∝ S2.  In addition, experimental 
 Figure 1-8: TE material properties as a function of carrier concentration adapted [1]. 
Figure 1-7: Thermal conductivity as a function of temperature for two different size
samples of PbSe [25]. 
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results have shown that electronic carriers are a second heat transport mechanism and 
increased concentrations raise the total thermal conductivity, ktot = klat + ke, further  
reducing ZT.  The electronic component of thermal conductivity is proportional to the 
carrier concentration as shown Figure 1-9.  The relative contribution of ke is determined 
by the total thermal energy each free carrier possesses and the ability to diffuse 
throughout the material.  For metals the maximum value is governed by the 
Wiedemann-Franz law where ke = L0Tσ with L0 referred to as the Lorenz number.  
Therefore scientific researchers have focused on reducing klat with nanostructures to 
engineer an improved TE material.  Low dimensional materials such as graphene, or a 
carbon monolayer, cannot have phonon modes transverse to the sheet and therefore has 
a reduced thermal conductivity compared to graphite.  However, when graphene is 
rolled into a single wall nanotube rope, Figure 1-10 a), an additional “twisting” phonon 
mode has been observed [26].  This material structure was shown to have an increased 
thermal conductivity compared to graphene alone but less than graphite.  In addition to 
graphene, TE properties have been investigated for several material systems including 
PbSnTe SLs [27] and nanocrystal composites [28], Figure 1-10 b). 
Figure 1-9: Carrier concentration and total thermal conductivity adapted [1].  
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a) b)
  
Figure 1-10: High resolution microscope images of a) single wall nanotube rope [26]
and b) nanocrystal composite material [28] with reduced thermal conductivity. 
 
1.4 Nanostructures 
ctured materials with alternating layers of two or more 
elementally different compounds create quantized energy levels where a near 
continuum existed.  The small size of a single layer in one direction removes energy-
directional (dispersion) symmetry and alters the allowed solutions for the electron wave 
function.  Careful design and precision fabrication of multiple repeated nanometer thick 
layers also affects carrier lifetimes and enables carrier population inversion at a higher 
energy level resulting in devices such as the quantum cascade laser (QCL) [29] and the 
interband cascade laser (ICL) [30].  The periodic nanostructure also enhances optical 
wave absorption and device efficiency in the both the quantum well infrared 
photodetector (QWIP) [31] and HgCdTe graded SL detectors [32]. 
When the wavelength of a particle becomes similar to the periodicity of a 
nanostructure additional enhancement of heterogeneous interface wave reflection may 
occur.  These coherent effects result in nanostructures such as the distributed Bragg 
Periodic nanostru
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reflector (DBR) that is used in the optical design of the vertical cavity surface emitting 
laser (VCSEL) [33].  Periodic nanostructured composite materials have also been 
demonstrated to have both coherent and diffuse effects on phonon waves.  The acoustic 
microcavity [34] has been used to demonstrate phonon reflection while thin film SLs 
have been shown to greatly reduce klat through interface scattering between the different 
alloy layers [35].  Research attempts to clearly demonstrate any coherent phonon effects 
altering klat have thus far been unsuccessful [36].  However, the concept remains the 
primary motivation for this research due to the possibility of optimizing the ZT value of 
a material at a given temperature and the magnitude of the improvement that might be 
possible from directing heat flow. 
 
1.4.1 Quantum Wells and Superlattices 
Schrödinger’s wave equation for electrons in a finite potential well formed by 
two materials with different bandgap energies, Eg, and dispersion relationship includes 
the possibilities of particle tunneling, transmission, and reflection.  The energy band 
diagram for a single Pb0.933Sr0.067Se/PbSe/Pb0.933Sr0.067Se quantum well with a thickness 
similar to films used in this research is shown in Figure 1-11 a).  A standard numeric 
solution technique included in many text books was used to compute the confined 
energy levels for layer thicknesses shown at a constant temperature of 300 K.  The two 
energy levels created in both bands of the PbSe material are due to directional 
symmetry degeneracy lifting in <111> oriented quantum wells [37].  The quantization 
also reduces Auger scattering [38] by limiting the number of phonons with the exact 
energy to match the difference between confined levels.  When multiple quantum wells 
are placed next to each other, also called a superlattice when each layer is sufficiently 
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thin, additional quantum effects occur including mini-band formation shown in Figure 
1-11 b) by the dashed line.  The efficiency of this design, used in the QCL, is still 
limited by LO phonon scattering therefore research into the design of electron 
injection/extraction, active layer, and confinement energies based on the LO phonon 
energy and picosecond relaxation time is ongoing [39].  A significant focus has been 
placed on varying the thickness of these layers across the MQW or SL creating a graded 
structure energy band that optimizes energy level resonance between nearby wells with 
a voltage bias and increases barrier tunneling probabilities shown in Figure 1-11 c). 
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Figure 1-11: Quantum well confinement: a) a single well of PbSe with PbSrSe
barriers in the <111> crystal direction that removes energy level degeneracy, b) a
regular multiple quantum well design with four similar wells, and c) a graded MQW.  
 
1.4.2 Quantum Reflection and Distributed Bragg Reflectors 
Differential solutions to Maxwell’s equations indicate electromagnetic waves 
are reflected at material boundaries due to a change in the index of refraction, dielectric 
 17
constant (permittivity), ε, and magnetic permeability, µ.  The DBR design parameters 
applied to optical waves are shown in Figure 1-12.  Two materials such as silicon and 
silicon dioxide have a significantly different optical index of refraction n = 3.4 and n = 
1.5 respectively. The maximum reflection for a 1 µm optical wave occurs when 
thickness of each alternating layer is designed to be λ/4 scaled by the difference the 
speed of light in each material (cvac = c1 n1).  The absolute reflectivity is determined by 
the number of mirror pairs and the ratios (n1/n2) and either (ε1/ε2) or (µ1/µ2) between the 
 
different material layers depending on the orientation of the transverse EM wave.  
While DBRs have been used extensively for photon reflection the concept has also been 
successfully applied to the phonon wave.  Acoustic microcavities have been 
demonstrated by several research groups using AlAs/GaAs [40], SiGe [41], and piezo-
electric oxides [42] mirror layers that confined the highest energy LO phonons in a gain 
medium between two acoustic DBR mirrors designed with the relation λ/2. 
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Figure 1-12: Optical distributed Bragg reflector design for maximum reflectance 
using silicon and silicon dioxide layers. 
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1.5 IV-VI Semiconductor Nanostructure Fabrication 
IV-VI nanostructured materials have been fabricated using many crystal growth 
techniques including liquid phase epitaxy (LPE) [43], Bridgman-Stockbarger [44], 
spark plasma sintering [27], and chemical vapor deposition (CVD) [45] in addition to 
MBE.  The semiconductor materials analyzed in this research were fabricated by 
several different researchers at the University of Oklahoma between 2009 and 2011 
using an Intevac Gen II MBE shown in Figure 1-13.  This system had eight different 
source materials located in load cells with temperature controlled crucibles and 
electronically controlled mechanical shutters.  The substrates used were commercial 3-
inch diameter silicon wafers from multiple vendors that were ≈ 350 µm thick and were 
prepared with a modified Shiraki method [50] prior to being loaded into the vacuum 
chamber.  MBE films exhibit high quality crystal growth and the technique provides 
accurate control of thickness for fabrication of MQW or SL material layers on the order 
of 10 Å thick or quantum dot structures several nanometers in size [46].  IV-VI 
semiconductors typically employ the element lead (Pb) and have historically been 
referred to as the lead salts or lead chalcogenides.  The rock-salt crystal structure and 
large lattice constant of IV-VI semiconductors compared to the industry standard silicon  
substrates, Figure 1-14, limits the availability and utility of these films grown on other 
materials [47].  However, using fluoride buffer layers between the substrate and film 
growth in the <111> crystal direction has resulted in high quality IV-VI materials 
capable of repeated temperature cycling [48]. 
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Figure 1-13: Molecular beam epitaxy system at the University of Oklahoma used to 
fabricate IV-VI semiconductor nanostructures. 
 
1.5.1 Material Properties 
Research into IV-VI semiconductors has been primarily stimulated by interest in 
their application to optics due to a direct band-gap in the mid-IR spectral region that can 
be varied with ternary compositions as shown for a temperature of 300 K in Figure 
1-14.  Eq. 1.13 shows how the bandgap energy of PbSe varies with temperature.  In 
particular PbSe has been used extensively in Fabry-Perot cavity lasers for gas phase 
Sr
 (1.13)(eV)  T 10×0.450+0.135=T)(PbSe, Eg
-3
spectroscopy [7-9] and long-wavelength photosensitive detectors [17, 32].  The intrinsic 
bandgap energy of this material can be lowered through introduction of tin (Sn) or 
increased with strontium (Sr).  The compound Pb1-x xSe where x denotes the 
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percentage of strontium has been well investigated by several research groups.  Eq.  
1.14 is an experimental data fit of the bandgap energy for this ternary compound 
 (1.14)(eV)  495.6
2 T 10×)x3.093x-(0.4301.314x- 3.608x+0.15=T)(x, Eg -32 ++
measured by Shen et al [49].  The element bismuth (Bi) has been used as an n-type 
dopant to control carrier concentration in these films and was introduced to select films.  
Appendix B contains a summary of the design parameters including nanostructure 
thickness, the ternary compounds used, and doping for samples tested in this research. 
   
 
1.5.2 Automated Molecular Beam Epitaxy (MBE) 
The growth of single crystal IV-VI semiconductor thin films by MBE is a multi-
step process that requires multiple expert operators including computer programmers.  
Figure 1-15 is a screen image of the Molly 2000 software user interface from Veeco, 
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Figure 1-14: Bandgap energy and lattice constants of various ternary IV-VI
iconductor compounds at 300 K. 
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Inc. that controlled the MBE.  The script language program shows a timed loop that 
waits until the substrate temperature is at a target value before additional growth 
continues.  A growth recipe for a typical MQW on SL film consisted of shutter opening 
times less than one second to fabricate a film layer 1 nm or thinner that could be 
repeated up to 300 times. The total time to fabricate a film of approximately 3 µm thick 
could exceed 12 hours depending on complexity.  The Molly software ran on a standard 
personal computer equipped with National Instruments analog data acquisition 
hardware.  Two different programs written for this software and used for fabricating 
thin films analyzed during this research are contained in Appendix A.        
 
Figure 1-15: Text based program to control shutters and temperatures while monitoring
time and pressure. 
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1.6 Material Characterization 
Material characterization for the films analyzed in this research was performed 
at the University of Oklahoma and by off-site commercial facilities.  Figure 1-16 shows 
a scanning electron microscope (SEM) image and tunneling electron microscope   
(TEM) image of two different films.  The SEM cross-section of MBE film #M074 (left 
image) shows a material layer with thickness ≈ 6 µm that has been removed from the 
silicon substrate and attached to a copper mount using gallium indium (GaIn).  The 
high-resolution TEM cross-section (right image) of a nanostructured SL film with a 
total thickness less than 0.6 µm exhibits two material densities, indicated by the light 
 
and dark colors, that change periodically throughout the thickness of the film for fifteen 
different pairs.  The light grey material is the lower density Pb0.85Sn0.15Se ternary 
material approximately 25% as thick as the darker PbSe layers that are ≈ 30 nm thick.  
Bond Layer 
InGa 
MBE Layer 
PbSe 
Copper 
Mount 
Figure 1-16: SEM (left) and TEM (right) images at different resolutions for various
thin film structures grown by MBE and characterized during this research. 
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Additional film images and other standard material characterization results for selected 
films are contained in Appendix B. 
 
1.6.1 Crystal Diffraction 
Diffraction effects that result in constructive/destructive interference patterns for 
electron and photon beams provides a valuable tool for investigating the crystal spacing 
of semiconductor crystals.  Eq. 1.15 shows the condition for constructive interference in 
a material with distance, d, between atomic planes for incident radiation with a 
wavelength, λ, at a given angle, θ, with respect to the surface.  Two techniques, 
 (1.15))sin(2 θλ dn =
reflection high energy electron diffraction (RHEED) and X-ray diffraction (XRD), have 
been readily applied to semiconductor characterization and were used to verify thin 
films used in this research.  The RHEED technique for MBE systems is an in situ 
characterization that helps determine the appropriate time and temperature required to 
thermally desorb the oxide layers on silicon wafers.  The RHEED system used for these 
films employed an electron gun and phosphor screen mounted on the exterior wall of 
the vacuum chamber.  The RHEED pattern image data, shown in Figure 1-17, provides 
information on both film quality and structure.  The 1x1 oxide pattern on the left image 
changes to a more “streaky” 7x7 silicon crystal pattern in the right image. Figure 1-18 
show the variation of the XRD signal for film #168 with an MQW optical   film design  
with a variable SL layer thickness below.  In a PbSe film the distance between the 
nearest atomic planes in the <222> direction is ≈ 1.75 Å that combined with an x-ray 
wavelength of 1.54 Å in Equ. 1.15 would result in an intensity maximum at 25.4º.  
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However the variation in lattice parameter with the introduction of tin in the ≈ 2 µm of 
SL films and strontium in the ≈ 1 µm of MQW material results in both a change in the 
angle of maximum intensity and the “satellite” intensity peaks regularly spaced around 
the central angle.  The average peak spacing of 0.14º indicates a distance between two 
 
 
planes of ≈ 43 nm that is the designed thickness of the MQW pairs. 
 
Figure 1-17: RHEED images during substrate surface reconstruction: 1x1 pattern at
800 °C (left) and 7x7 pattern after 30 minutes at 830 °C (right). 
Figure 1-18: XRD pattern for film #M168 with a multiple quantum well structure. 
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1.6.2 Electronic and Thermal Properties 
One of the most common and useful electronic characterization techniques for 
semiconductors is Hall Effect measurements.  The temperature dependent carrier 
concentrations and mobilities for two thin films characterized for this research are 
shown in Figure 1-19.  This method determines both the carrier type and mobility in a  
volume of semiconductor by measuring voltages and currents under the influence of 
transverse magnetic fields.  For the films shown the majority carrier concentration is p-
type and decreases by a factor of 10X while the mobility increases by a factor of 100X 
as the temperature is lowered from 300 K to 77 K.  These measurements were 
completed using the van der Pauw four probe technique with electronic leads attached 
to the film surface with indium.  The Seebeck coefficient can be measured with a 
similar electrical apparatus to record the change in voltage potential due to a resistive 
heater or similar thermal energy source [51].  The Seebeck coefficient has been 
investigated for many semiconductors and has been shown to vary with dopant 
Figure 1-19: Hall Effect measurements of a uniform PbSe film #M046 compared to
MQW and SL thin film #M212 over a temperature range. 
PbSe:       Film #M046 (solid)
MQW/SL: Film #M211 (outline)
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concentration [52] and magnetic fields.  Several MBE-grown film samples were 
analyzed by Panco GmbH (Mülheim Kärlich, Germany) using potential Seebeck 
microprobe (PSM) testing and sample #M074 had an average S = -216 µV/K and 
sample #M088 had S = -181 µV/K for as carrier concentration ≈ 2 x 1018 at 300 K [53]. 
The thermal conductivity of a thin film can be measured through a variety of 
mechanical, electrical, and optical methods including transient thermo-reflectance 
(TTR) [54] shown in Figure 1-20.   This non-contact method measures a change in the 
reflected power of one laser (the probe) as the surface of the sample is heated by a 
second laser.  Raman spectrometers have been used to assess the thermal conductivity 
of novel nanostructures including carbon nanotubes [26] by measuring the temperature 
dependent shift of the Stokes energy peak.  Photoluminescence (PL) is another well-
established technique employed to measure the optical, electronic, and thermal 
properties of thin films.  This measurement has been used to assess the thermal 
resistance of opto-electronic device mounting [55] and to compare thin film heating at 
300 K [56] and is employed throughout this research to characterize nanostructured 
Sample 
Figure 1-20: Thin film thermal conductivity TTR measurement diagram [53]. 
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materials.  The 3ω method [57] is a mechanical technique that measures the temperature 
dependent frequency-locked change in resistance for a “sensor” attached to the film 
surface.  Thin films #M103, #M106, #M107, #M109, #M116, #M117, and #M118 were 
tested at the University of Illinois Urbana-Champagne using the TTR method and had 
thermal conductivity measurements k = 1.5-2.2 Wm-1K-1 at 300 K [53].  Multiple 
samples of film #M108 were tested with kM108g = 1.2 Wm-1K-1 and kM108f = 1.3 Wm-1K-1. 
 
1.7 Dissertation Organization 
This dissertation outlines the experimental evidence of thermal and electronic 
transport theory for periodic nanostructures developed for thermoelectric applications.  
The background and motivation for the manufacture of novel IV-VI semiconductor TE 
materials was shown in this chapter.  The rest of this research is organized as follows: 
Chapter 2 describes the development of a room-temperature PL system for assessing 
optical heating in thin films, Chapter 3 details the quantum theory and a novel approach 
to thermal model assessment for different types of thin films, Chapter 4 evaluates the 
temperature dependence of thermal conductivity for different nanostructure film 
designs, Chapter 5 explores the quantum theory and solutions for periodic acoustic 
properties in these same films, and Chapter 6 provides conclusions and 
recommendations for future research in this area. 
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Chapter 2 
 
Photoluminescence Measurement of Thin Films 
 
2.1 Motivation 
Mid-infrared IV-VI semiconductor nanostructures, with Eg < 500 meV at 300 K, 
are routinely characterized with photoluminescence (PL) using either a continuous wave 
(cw) or pulsed near-infrared (NIR) laser [1-5].  The commercial availability of high 
power NIR semiconductor diodes enables compact systems capable of steady-state 
optical material characterization [6-9].  Figure 2-1 shows the PL emission peak energy 
change or “blue shift” with increased temperature and absorbed optical power from a 
PbSrSe/PbSe multiple quantum well (MQW) material.  The shift of PL emission with 
increased optical power is attributed to a change in lattice temperature for the optically 
active material from thermalization and non-radiative recombination of photogenerated 
a) b)
Figure 2-1: PL emission shift for MQW sample #M141-A1: a) with increased optical
pump power absorbed (Pabs) at a constant heatsink temperature THS = 10° C and b) with
increased heatsink temperature at a constant Pabs = 0.6 W. 
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carriers.  This assertion is supported by McCann et al. [10] who showed an increased 
blue shift, and therefore more heating, from the same amount of optical power in a 910 
nm laser compared to one operating at 2.5 µm.  This data also confirmed thermalization, 
or the rapid decay of carriers with energy above the band minima, near the surface of 
the film as the dominant heating mechanism in cw PL.  Therefore, the lattice 
temperature of a IV-VI semiconductor sample being optically heated can be calculated 
using the techniques described in [1,10] by measuring the shift in PL peak energy due to 
optical power ΔEPL(P) and comparing it to the shift due to a change in the heatsink 
laser probe with a surface 
“footprint” diameter on the order of hundreds of microns.  This technique differs from 
Raman spectroscopy [12] and thermoreflectance [13] opto-thermal characterization that 
detects a signal in the scattered or reflected laser probe beam.  This chapter describes an 
optical material measurement technique and computer controlled PL testing system for 
IV-VI semiconductor thin film nanostructures.  The techniques described here were 
optimized using an automated rapid data collection system used by six different 
researchers to perform over 1000 tests on 40 different thin films over a 3 year period.  
The thin films tested were grown by molecular beam epitaxy (MBE) using techniques 
described previously elsewhere [5, 7]. 
 
2.2 Experimental Procedures 
temperature ΔEPL(T).  This non-contact method overcomes limitations of standard 
mechanical thermometry techniques [11] by using a 
Figure 2-2 shows a diagram for the PL measurement system used in this 
research with a modular Fourier transform infrared (FTIR) spectrometer (Newport, Inc. 
Newport, RI model # MIR8000) for broadband optical detection covering the energy 
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range, 100 meV ≤ EPL ≤ 400 meV.   The FTIR spectrometer was equipped with either a 
photoconductive HgCdTe or photovoltaic HgCdZnTe detector (Fermionics, Simi 
Valley, CA) with amplifier electronics and cutoff wavelengths of 10 µm and 6 µm 
respectively.  An optical power meter (Newport model # 1916-C) with a thermopile 
detector (Newport model # 818P-12) was used to measure the reflected and incident 
ear-IR pump laser power.  The additional significant elements of the system are: a) 
next section), b) focusing optics, c) a 
sample
n
semiconductor diode laser (described in the 
 mount stage with temperature control hardware, d) control software, and e) 
control electronics.  Several optical pumping system designs were employed using a 
current supply up to 8 Amperes (A) (ILX Lightwave, Bozeman, MT model # LDC-
3900). The sample mount stage temperature was stabilized with a thermoelectric (TE) 
Oriel MIR8000 
FTIR Spectrometer 
Figure 2-2: PL system block diagram that includes an FTIR, near-IR power meter, and 
sample mount stage.  The solid line represents the NIR pump laser optical path and the
dotted line represents the optical path for PL. 
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cooler (Melcor, Trenton, NJ), 5 kOhm thermistor temperature sensor (ILX Lightwave), 
an ule s, Palo Alto, CA
2.2 ptical System Characterization 
Two pump lasers were used in the PL systems: a fiber couple s 
diode (Ser. #06JUN16, QPhotonics, Ann Arbor, # QSP-915-7) and an 805 
nm laser (Ser. # E18418, SNOC El ics Guangdong, China model # SL808T3000) 
on a c-mount package with an attached cylindrical lens and no external optics required.  
F ower  for each laser over their operating 
range and the unique spatial pow  the cy o 
laser #E18418.  The fiber coupled laser package from QPhotonics was terminated with 
 
 thermal 
d control mod  (Stanford Research System  model # 535). 
 
.1 O
d 875 nm InGaA
 MI model 
ectron
igure 2-3 shows the total optical p  measured
er distribution from lindrical lens attached t
a 2.3 mm aperture collimator (Thor Labs, Newton, NJ model # F220SMA-780).  The
output beam was focused onto the film surface with either a 2-inch or 4-inch diameter 
convex glass lens with 2-inch focal length. The lasers were mounted with
Figure 2-3: PL laser characterization: a) total power for lasers E18418 and 06JUN16
for different injection currents, b) the power distribution for laser E18418. 
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adhesive to air-cooled copper heatsinks with DC voltage fans to stabilize operation near 
room temperature, ≈ 20 °C.    Laser #E18418 operated over the current range of 0.3 A 
to 2.6 A with a maximum output power of 2.5 W.  The fiber coupled laser #06JUN16 
operated over the range 0.4 A to 7.0 A with maximum power of 4 Watts.  
The optical beam power distribution, or cross-section, on the film surface was 
measured using a pin-hole technique.  A thin piece of sheet metal, with a small hole 
drilled in the center (d < 2.5 mm), was affixed to a linear translation stage and placed in 
the beam path. The power was measured at each point as the apparatus was translated 
across a single direction in the optical cross section with results for laser #E18418 
shown Figure 2-3 b).  Laser #E18418 had a nearly Gaussian power distribution along 
the horizontal (or x) axis that was aligned with the length of the cylindrical lens. Along 
the vertical axis the power was distributed among six different peaks with even spacing 
or the fiber 
collimated laser that had a circularly symmetric Gaussian power distribution with a 
measured minimum standard deviation, σ ≈ 125 µm. The width of power distribution 
increased as a function of deviation distance (Δf) from the focal length (fL) of the lens as 
and amplitude.  Figure 2-4 shows a diagram of the lens geometry f
Z 
Figure 2-4: Diagram of lens geometry used for focusing the PL pump laser. 
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shown.  A deviation Δf = 2 mm would correspond to an 80 µm increase in the focused 
beam cross-section diameter for the 2.3 mm fiber laser beam. 
 
2.2.2 Sample Mounting 
The techniques employed to mount thin film nanostructures during 
thermoelectric characterization greatly affect the interface thermal conductivity or 
thermal contact re ].  In order to thermally isolate the nanostructure 
under test a low thermal resistance bonding material must hold the silicon substrate to a 
temperature stabilized rface.   Chemically reactive bondin  as epoxy 
or paint typically have low TCR but are generally permanent e difficult to 
apply.  Temporary bonding techniques such as solder or thermal adhesive (tape) may 
sistance (TCR) [12
 su g techniques such
 and may b
provide more flexibility but typically have a higher TCR [14] and the application 
aling step and 
thermal tape requires pressure to be applied to surface of the thin film.   
In0.25, a eutectic material (EGaIn) or liquid metal, above its 
liquidu
scanning electron microscope (SEM) images showing the final bond layer thickness 
process may be destructive.  Indium solder has a melting point ≈ 156 °C that must be 
applied to the entire sample over a period of time similar to an anne
Alternatively Ga0.75
s temperature of 15 °C has been investigated in thermal management systems 
[15].  The elasticity of the material is controlled by surface pressure and layer thickness. 
EGaIn handling [16] consisted of using a wooden or metal rod to apply an excess 
amount of material to “wet” the surface of a copper sub-mount, Figure 2-5.  A piece of 
thin film was placed on top of the EGaIn and was “thinned” by horizontal motion of the 
sample until surface tension increased enough to hold the sample in place.  Additional 
research on thin film bonding with copper sub-mounts and EGaIn was verified with 
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was comparable with film thickness, dbond ≤ 5 µm.  This sub-mount was then attached 
with a layer of EGaIn and two #2-56 screws to a 5 mm thick piece of copper containing 
a thermistor temperature sensor mounted with epoxy in a blind drill hole less than 0.5 
mm below the surface and directly beneath the thin film sample location.  This mount 
was att
 
amming 
language [17] with examples contained in Appendix A.  The front panel of the “FTIR 
Characterize” executable program is shown in Figure 2-6.  The software controlled all 
aspects of testing including several important time delays needed for thermal stability.  
The software allowed for two data acquisition modes: real-time user and automated 
testing.  Of particular importance was system safety with a maximum 4 W of mid-IR 
laser power being generated and thin film temperatures as high as 50 ºC.  During three 
ached to a TE cooler on a multi-axis motion stage for optical alignment. 
  
 
2.3 Automated Data Collection 
Automated testing software was created using the LabVIEW progr
Figure 2-5: Photo of thermal control mount stage for PL testing with a TE cooler. 
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years o ftware failure.  
This was accomplished using a custom graphical programming technique with two 
simultaneous loops and event based programming.  This technique has shown wide 
applicability for process automation and rapid prototyping with nea a 
acquisition and processing on standard personal computers [18]. 
sample mount was typically operated between 20 ºC and 60 ºC, operation at lower 
f operation no equipment or samples received damage due to so
r real-time dat
 
Figure 2-7 shows the FTIR spectral data acquired during an automated test. The 
software required entering a starting value, an ending value, and number of steps 
between for both heatsink temperature (T1, Tmax, and ntemp) and optical power (P1, Pmax, 
and nopt).  During data acquisition with the laser pump on the reflected power, PRef, 
measured on the near-IR detector was recorded in the data file.  The open-air TE cooled 
Figure 2-6: FTIR Characterize program user interface and graphical block diagram
developed using LabVIEW Ver. 7.0. 
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temperatures led to the formation of condensation on films being tested.  Each test 
began when the temperature of the thin film was stabilized within 0.5 K of the first set 
point, T1.  At this and subsequent temperatures nopt +1 emission spectra were acquired  
including a “background” spectrum with the pump laser not enabled.  Background 
subtraction is a technique commonly employed in many forms of optical spectroscopy 
to remove system dependent anomalies including etalon fringes [19-20]. 
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2.3.1 PL Emission Analysis 
The acquisition software was capable of simple real-time analysis of the PL 
emission spectral feature “peak” between 200 meV and 450 meV, Figure 2-8. The 
simplest technique analyzed the background subtracted PL emission spectrum 
maximum value as a function of absorbed optical pump laser power ΔEPL(P) using Eq. 
2.1, by employing a Linear Least Squares (LLS) fitting technique [21].  The quality of 
Figure 2-7: PL stimulated emission spectrum from MQW sample, #M141-PL1, at a
heatsink temperature of 20 ºC. 
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the fit, or data linearity, is described by the coefficient of determination or the R2 value.  
While different values may be deemed acceptable, the data threshold for a valid test was 
held at R2 ≥ 0.95.  Due to many complications to be addressed in the next chapter a PL 
emission spectral fitting routine is typically employed [10, 22] using known quantum 
theory to minimize system white noise effects by using multiple data points.  A standard 
 
quantum function such as a Gaussian peak fit to the PL emission data shown in Figure 
2-8 is not ideal (R2 < 0.85) and clearly does not follow the data curve but the maximum 
value, EFitMax(P), of these fit curves change linearly with power and has R2 values 
greater than use of a single PL data maximum point.  Values from the two techniques 
may vary as much as 50%.  During a test, spectral data were acquired at several 
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Figure 2-8: PL stimulated emission from sample #M046-A with peak fitting and center
frequency shift with different optical power and molecular absorption. 
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temperatures to enable calculation of a second material parameter, ΔEPL(T) in Eq. 2.2, 
that should be nearly equal to the linear relationship of bandgap energy, Eg, to 
temperature.  This relation assumes the only significant contribution to changes in 
spectral distribution, for example the energy of the maximum value, is due to increased 
temperatu n the optically active material.  Eq. 2.3 defines an optical heating effect 
(HE) that translates the measured PL energy shift due to absorbed optical power to an 
(2.3)
 
re i
 
equivalent temperature increase for use mparisons or in further thermal 
calculations.  This test result describes the temperature increase per unit of absorbed 
optical power in units K/Watt that when multiplied by the absorbed power, Pabs, 
describes the aver etric temperature of . 
 
2.3.2 Blackbody Emission Analysis 
In addition to the laser stimulated PL emission peak, lower energy blackbody 
emission between 100 meV igure 2-9, was analyzed by the software to 
provide thin film material and thermal properties while verifying system performance.  
Thin film Fabry-Perot fringes are routinely analyzed [7] to provide information on 
ness, t.  Cavity 
resonance, showing up as local intensity minima, occurs when the wavelength of 
photons in a thin film are proportional to thickness.  The difference in energy between 
 in thin film co
age volum the luminescent material
 and 200 meV, F
material properties such as the refractive index, n, and film thick
fringes, ΔE, is related to these two parameters through the equation, t = (ΔE2n)-1.  The 
WattTETE g )()(
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two data peaks in Figure 2-9 are approximately 28 meV apart that combined with nPbSe 
≈ 5 results in a calculated thickness of 4.5 µm for film #M046 that agreed with the value 
measured by SEM to be 4.65 µm. 
 
numerically integrating the intensity plots.  The change in blackbody emission power 
during optical characterization is shown in Figure 2-10.  The variation of power with 
temperature, ΔPBB(T), shows a clearly non-linearity over a 30 °K change in temperature 
BB
nearly linear.  These two values can be us
The software also assessed the low energy blackbody emission power using 
pyrometry techniques.  The total power in a blackbody spectrum is related to the 
temperature of all objects within the optical field of view by the Stefan-Boltzmann 
relation, P ∝ T4.  The total optical power over this energy range was calculated by 
during testing while the small changes associated with laser pump power, ΔP (P), are 
ed in place of the corresponding PL emission 
energies of Eq. 2.3 to calculate another optical heating effect, HEBB.  However the two 
heating effects were significantly different, HEPL > HEBB, because the blackbody 
Figure 2-9: Blackbody radiation emission measured from sample #M046-A with total
power that increases with increased PL laser power. 
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emission measured comes from a significantly larger volume of material than the 
stimulated PL emission.  The FTIR instrument inlet cross-section was specified to be 
2.5 mm, significantly greater than the measured beam cross-section diameter of the 
fiber-coupled pump laser.  Also both silicon and the IV-VI semiconductor films are 
transparent to long wavelength radiation and material behind the optically active PL 
region may contribute to the blackbody spectral data. 
Temperature (K)
293.15 303.15 313.15 323.15
B
 
 
2.4 Testing Repeatability 
Open-air FTIR spectroscopy suffers from significant drawbacks including 
transient optical noise based on environmental conditions and inherent system noise.  A 
standard practice to reduce noise is signal integration or time averaging [23] where the 
optimum length required can be assessed using an Allan variance plot.  For the FTIR 
systems used 30 – 45 seconds of averaging was required with longer integration times 
showing negligible signal improvement.  The measured baseline root-mean-squared 
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Figure 2-10: Blackbody emission power from sample, #M046-A for various heatsin
temperatures with and without optical pumping. 
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noise level for a fixed gain (8X) and resolution (8 cm-1) was 0.01 arbitrary units (a.u.).  
This sets the minimum data feature detection limit, or ability to distinguish a PL 
emission peak from the noise, at a practical limit of four times this value. 
This PL characterization technique required thermal stability of the thin film 
during testing for both the absolute temperature and optical heating effect.  The heatsink 
temperature was maintained with a pro gral, and derivative (PID) 
controller with auto-tuning.  The tuning process adjusted controller gains using a simple 
calibration routine to force 10 K temperature changes to occur within 4 minutes.  
Stability at a given temperature was maintained ± 0.1 K. tial changes in 
pump laser power from the background acquisition to the first test point caused a 
temperature increase in the thin film as large as 0.5 K that settled in approximately 45 
seconds.  The PID controller adjusted to increased heating from subsequent changes in 
optical power while the laser was operating in 20-25 seconds.  
.4.1 Statistics 
PL technique was improved by averaging multiple 
measur
portional, inte
 However ini
 
2
The accuracy of this 
ements over a temperature range and repeating, Figure 2-11.  The individual data 
points with error bars represent the average ΔEPL(P) value measured at three different 
temperatures, nT = 3, with a mean standard deviation of 8-10%.  The lines on the graphs 
represent the statistics of repeated tests, nRepeat = 5, on the same day.  The solid line is 
the mean of ΔEPL(P) on each day and the dashed lines show the range of one standard 
deviation for all measurements, nTotal = nRepeat × nT = 15.  The calculated heating effect 
of 3 or more repeated consecutive tests on the same day reduced the standard deviation 
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to less than 5 % of the mean value for most test conditions.  The improvement in 
measurement variation on Day B is attributed to a 48-hour wait period after attaching 
the sub
Figure 2-12 shows the variation in ΔE (P) and ΔE (T) measured over several 
months for the same sample.  The measured shift of PL emission due to a change in 
heatsink temperature should be a constant related to intrinsic film properties, Eg, and 
therefore independent of optical heating effects. The standard deviation of this 
measurement over a four month period that included the film sub-mount being removed 
from the temperature control stage and the optical alignment being altered between 
some of the measurements is 4%.  However, the measured optical power shift had a 
larger variation, σ = ± 11 %, that is attributed to changes in both the system alignment 
-mount to the temperature control stage with EGaIn.  However the results over a 
longer period of time are highly dependent on several factors including optical 
instrument noise, oxide formation on exposed surfaces, and possible changes in the 
EGaIn bonding layers due to temperature cycling and repeated testing. 
 
PL PL
Figure 2-11: Optical heating effect for sample #M141-PL1 during consecutive tests on
separate days: a) 5 tests with ΔE  = 2.58 ± 4% and b) 5 tests with ΔE  = 2.57 ± 2%. PL PL
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and sub-mount TCR.  The optical heating calculated from measurement of blackbody 
emission, HEBB(P) in Figure 2-13, was more susceptible to variation in   optical 
alignment than analysis of the PL signal.  The change in blackbody power with heatsink 
temperature did not vary significantly, σ = ± 0.8 %, however the optical effect varied 
more than 12.7 %.  All data reported in the remainder of this dissertation are the average 
 
Figure 2-13: Repeatability of blackbody data for sample #M141-PL1: a) the HE = 0.83
± 10% K/W and b) the change in power for heatsink temperature only 1.43 ± 0.8%. 
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Figure 2-12: Repeatability of PL “shift” for sample #M141-PL1 with temperature and
optical power: a) ΔEPL = 2.68 ± 11% meV/W and b) ΔEPL = 232 ± 4% µeV/K. 
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of nine test points, three different heatsink temperatures repeated three times, with four 
different optical power settings unless otherwise noted. 
 
2.4.2 Optical System Comparison 
To investigate the heating effect defin in Eq. 2.3 as a function of optical beam 
cross-section on the film surface, ΔEPL(P) = ΔEPL(Pxy), multiple films were tested with 
both PL laser pumps (System #1: Laser #E18418 and System #2: Laser #06JUN16) on 
the same day using similar film bonding methods.  Figure 2-14 shows the PL emission 
spectra from film #M049 stimulated by the two lasers at the same heatsink temperature.  
Even though the measured power distribution for laser #E18418 exhibited multiple 
intensity peaks with spacing much greater the diffusion length for carriers in PbSe at 
room temperature [24] PL emission was a single peak.  Despite significant differences 
sity and 
ed 
for the two lasers the acquired PL spectra were similar in both shape and inten
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Figure 2-14: Background subtracted and filtered PL spectra for sample #M046-A using
two different PL pump lasers and optical systems. 
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have an R2 ≥ 0.93 when the peak was analyzed with an exponentially modified 
Gaussian curve fit [25].  Figure 2-15 shows the change in the energy of the measured 
aximum PL intensity for increased optical power.  The difference in slope between the 
ample heatsink temperatures.  Since the slope is 
proport
m
two systems is consistent at different s
ional to the optical heating effect the data indicates the fiber coupled laser, 
which has a smaller beam diameter on the film surface, heats the sample at a 
significantly higher rate per unit of total absorbed power. 
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2.4.3 Sample Mounting Technique 
The EGaIn sample mounting technique described previously was compared to a 
variety of materials using multiple film samples and repeated PL testing.  Figure 2-16 
shows the optical heating effect calculated from both PL emission shift and blackbody 
etween each PL test the film samples power increase for different mounting methods.  B
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Figure 2-15: Measured optical shift of PL spectra on sample #M046-A with two
different laser power distributions at heatsink temperature of 20 °C and 50 °C. 
20 °C 
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were removed from the testing apparatus and then replaced.  Techniques #1 and #2 both 
used EGaIn to bond the silicon substrate of a sample to an Ag-coated copper sub-
mount.  The difference between #1 (EGaIn) and #2 (thermal grease) was the bonding 
material between the sub-mount and the copper thermal stage with temperature sensor.  
Technique #3 used a sample bond of black wax and a mount bond of EGaIn.  These 
three techniques also used two screws to hold the sub-mount on the thermal stage.  
Technique #4 did not use a sub-mount and the film was attached directly to the thermal 
stage with double-sided adhesive.  The mounting material with the lowest HEPL, and 
therefore lowest TCR, was thermal grease.  The TCR of the other materials relative to 
thermal grease were EGaIn (1.1), adhesive (1.6), and black wax (2.0). 
 
The blackbody spectral data also varied depending on the bonding material used 
as shown in Figure 2-17.  The thin film sample bonded to a sub-mount with black wax 
showed a greatly increased blackbody emission compared to samples mounted with 
Figure 2-16: Measured heating effect using the PL emission and blackbody spectrum
for sample #M141-PL1 with different sample mounting techniques and materials. 
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EGaIn.  In addition the PL emission for the black wax test was at greater intensity and 
higher energy, appearing shifted to the right.  However, the difference in HEPL was ~2X 
while the difference for HEBB was 4X greater for black wax mounting.  This can be 
explained by the EGaIn bonding layer acting as a mirror shielding blackbody emission 
from behind the substrate and decreasing long wavelength transmission through the thin 
film.  This assertion is supported by comparison of results for the same sample attached 
to a copper sub-mount with EGaIn and the sub-mount being attached to the thermal 
stage with either thermal grease compound or EGaIn.  The PL heating effect for thermal 
grease mounting was lower HEPL(Grease) = 7.7 < 8.2 K/Watt and the blackbody 
measurement was higher HEBB = 0.9 > 0.7 K/Watt.  The effect is demonstrated clearly 
by the graphs in Figure 2-18.  The blackbody intensity for the black wax and thermal 
0.00
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Figure 2-17: Blackbody and PL emission from sample #M048-A mounted with black
wax and sample #M048-A1 mounted with eutectic GaIn illustrating the difference in
blackbody power for the same PL emission energy. 
Energy, meV
Black Wax
GaIn
In
te
ns
ity
, a
.u
.
100 150 200 250 300 350 400
 53
grease tests begins at a greater level compared the EGaIn/EGaIn film with no optical 
input and the increase with absorbed optical power, ΔPBB(P), is greater for both 
materials.  However, the PL measurement is independent of these effects and the LLS 
analysis of all three mounting techniques resulted in approximately the same calculated 
energy for no absorbed optical power.  The change in PL energy, ΔEPL, for the sample 
with EGaIn/TG bonding is lower than the sample with EGaIn/EGaIn and indicates 
thermal grease has a lower TCR.  The sample with BW/EGaIn bonding layers had a 
significantly higher rate of change and more heating. 
 
 
2.5 Comparing Thin Films 
The utility of the PL techniques developed is the precise, repeatable data 
generated enables comparison of different thin film nanostructure designs independent 
of optical noise and bonding layer TCR.  HE(P) can be estimated for all films by 
assuming ΔEPL(T) = ΔEg(T) ≈ 0.4 meV/K for PbSe [26] or PbSrSe [27] and changes 
Figure 2-18: Differences in a) the blackbody power and b) the PL shift for increased
optical power for thin film #M048 samples mounted with different bonding techniques.
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linearly at 300 K [28].  However, a more accurate calculation of HE(P) for different 
MBE films with independent material properties requires measurement of ΔEPL(T) for 
each sample that is summarized in Table 2-1.  The reported measurements of ΔEPL(T) 
for PbSrSe/PbSe MQW films vary in different reports: 0.23 meV/K [1], 0.39 meV/K 
[29], and 0.5 meV/K [30].  Additional experimental data detailed in a later chapter, see 
Figure 4-8, under similar conditions across a large temperature range has shown that 
ΔEPL(T) ≥ 0.42 meV/K for the MQW films tested.  This contradicts the measurements 
described in this chapter that indicated ΔEPL(T) = 0.22-0.30 meV/K a value nearly one 
half that measured on the same samples across a more broad temperature range.  This 
discrepancy can be attributed to a PL signal intensity that falls dramatically at 300 K 
and therefore the low temperature PL shift data will be used for all calculations.  The 
 
MQW samples fall into two categories: #M141 is a MQW structure on 1.5 µm PbSe 
while other films have PbSnSe/PbSe superlattices (SLs) below the optical layers.  The 
SLs consist of more than 300 individual alternating layers of PbSnSe and PbSe. 
PbSe PL Shift: ΔEPL(T) MQW PL Shift: ΔEPL(T) PL Shift: ΔEPL(T)
Film 
ID # 
Film 
ID # 
300 K ≤ THS ≤ 330 K 90 K ≤ THS ≤ 330 K THS = 300 K 
µeV/K µeV/K µeV/K 
M046 0.460 M141 0.433 0.263 
M047 0.422 M168 0.430 0.284 
M048 0.426 M211 0.405 -- 
M049 0.452 M212 0.438 -- 
M199 0.444 M213 0.423 -- 
 M214 0.407 -- 
Table 2-1: Thin film PL peak emission temperature dependence comparison from room
temperature down to 90 K. 
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Figure 2-19 shows the shift in PL peak energy for different samples of PbSe 
with varying thickness listed in Table 2-2.  The resulting heating effect values had 
overlapping error bars but the data does trend linearly with film thickness and has an R2 
= 0.74.  Figure 2-20 show the PL data for different MQW samples. The MQW/SL 
samples with PL emission (#M168 and #M207) show an average 50 % larger blue shift 
than the MQW/PbSe sample #M141.  This is evidence of increased heating in the 
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Figure 2-20: PL results for different MQW samples: a) the shift in the PL peak relative
to their bandgap energy at 293 K, and b) the heating effect for the same data. 
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Figure 2-19: PL results for different PbSe samples: a) peak shift for increased absorbed
optical power and b) the heating effect for the same data plotted versus film thickness. 
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MQW region with PL emission for the samples containing superlattices that is 
consistent with a lower thermal conductivity for nanostructured materials. 
Several thin films tested had little or no photoluminescence at room temperature 
and could only be compared using blackbody emission.  However, this type of film 
comparison is highly dependent on cavity mode resonances and the reflectivity of 
surfaces including bonding material as stated previously.  The calculation of film 
2-9) are summarized in Table 2-2.  The SEM images used to assess thickness are 
contained in Appendix B.  les 
are consistent w entire fil kness.  F 141, the MQ  film, 
sh wo peak eV apa  spacing tes to a film thickness of 1.7 
µm onsisten ickn  the PbSe layer.
optical system and alignment, which was routinely adjusted throughout this research. 
Figure 2-21 shows a strong correlation, with similar magnitudes, between HEPL and 
HEBB for the different lasers with different bonding materials on films with both PL 
thicknesses for samples with periodic structure in their blackbody emission (see Figure 
The blackbody peak spacing for the three MQW/SL samp
ith the m thic ilm #M W/PbSe
owed t s ≈ 80 m rt.  This calcula
 that is c t with the th ess of  
 
The rate that blackbody emission power from a film changed was unique to the 
Thin Film ID# 
– Test Sampl
Film 
Type 
SEM Measured 
Thickness (µm) 
Blackbody Peak 
Spacing (meV) 
Calculated 
Thickness (µm)e 
M046-A PbSe 4.65 27.5 4.5 
M047-A PbSe 4.37 28.2 4.4 
M048-A PbSe 3.94 30.2 4.1 
M049-A PbSe 3.78 33.6 3.7 
M211-R1 MQW 2.85 44.1 2.8 
M213-R1 MQW 2.72 38.0 3.3 
M214-R1 MQW 3.03 43.8 2.8 
Table 2-2: Film thickness measu using ana f laser stimulated blackbodrement lysis o y
em pared to S M. ission com E
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em ion and an increase in low energy blackbody emission from optical heating.  
System #2 (black dots) shows a lower blackbody power increase consistent with use of 
two layers of EGaIn for bonding and HEBB = 0.1HEPL.  Table 2-3 shows the PL and 
blackbody results for six different MQW samples.  The raw blackbody data for samples 
#M211, #M213, and #M214 indicate they heat at a higher rate than the other MQW/SL 
films with PL emission.  However, since these samples were tested several months apart 
and the optical system alignment was improved the magnitude of this calculation must 
PL measurements and indicates they heat at the s e rate as other MQW/SL samples. 
iss
be adjusted by the change in blackbody power for temperature ΔPBB(T).  This 
normalization results in a lower temperature calculation for the three samples with no 
am
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2.6 ry a clusion
lumin e testing dure to characterize optically induced heating 
effec I sem uctor thin films was presen d analyzed. omation 
throu able tests that emphasized precise control 
of tim controllers.  This system was capable of 
collecting large volumes of data and was used to optimize system design through
statistic
Summa nd Con s 
A photo escenc  proce
ts in IV-V icond ted an  Aut
gh custom software allowed rapid, repeat
ing and thermal stabilization using PID 
 
al analysis of thousands of individual tests.  The two factors most dramatically 
affecting system performance were optical alignment and sample bonding material.  
Two optical system designs were investigated: a laser with an attached cylindrical lens 
and complex power distribution on the surface of the film resulted in little change in the 
PL spectrum and heating effect measurement compared to a more highly focused fiber 
coupled laser pump. However, the optical alignment of both systems was sensitive to 
variation of the distance between the laser lens and the film.  A deviation from the focal 
length of the fiber-coupled laser of 2 mm was calculated and measured to increase the 
optical cross-section on the film surface ≈ 80 µm.  The thermal and optical properties of 
Film ID # HEPL HEBB ΔPBB(293K) Equivalent Heating 
M141 10.3 0.85 0.88 9.7 
M168 14.2 1.77 1.11 15.9 
M207 15.0 1.56 1.05 14.9 
M211 -- 3.47 2.34 14.8 
M213 -- 3.54 2.15 16.5 
M214 -- 3.12 2.04 15.3 
Table 2-3: Heating effect calculated using blackbody emission on samples with little or
no photoluminescence at room temperature. 
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different bonding materials were also investigated.  Eutectic Gallium Indium 
demonstrated a low thermal contact resistance and simple application procedure 
compared to thermal adhesive and epoxy.  However, some time-dependent effects were 
observed that resulted in increased thermal conductivity of the bonding layer and 
reduced TCR for the film over a time period greater than 48 hours.  In addition EGaIn 
exhibited a highly reduc emission signal.  This is due to two factors: a 
lower emissivity compared to other bonding materials and a low transmission factor.  
This reduced amplitude of low energy radiation during optical characterization 
increases the signal to noise ratio of the system for the photoluminescence signal. 
The performance of this PL system was demonstrat ative analysis 
of thin films fabricated of binary PbSe, with varying thickness, and MQW optical 
emitters with different sub-layer designs shown in Figure 2-22.  Differences in 
photogenerated carrier confinement between PbSe and MQW films [31] make direct 
mple #M168 with a thickness of 3 µm heated at a rate of 14.2 K/Watt nearly equal to 
 
wer thermal conductivity.  
Since t emission from single crystal PbSe can occur anywhere in the material 
based on carrier diffusion and scattering a c x thermal model is needed for 
comparison to the fixe cally active region in MQW samples.  Direct comparison of 
similar films showed samples #M168 and #M207 with MQW layers fabricated on SLs 
heated antly mo (50%) to M yers fabricated ingle layer 
of PbSe, #M141, under the same test conditions.  In addition MQW/SL samples showed 
ed blackbody 
ed by compar
comparison of these film types difficult using the heating effect alone.  However, 
sa
sample #M047 that was 4.4 µm thick and heated at a rate of 14.7 K/Watt.  This result 
indicates #M168 with a nanostructure superlattice has a lo
he PL 
omple
d opti
signific re compared QW la on a s
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a significantly larger blackbody emission heating effect compared to the MQW/PbSe 
sample
 
2. J. O. Dimmock, I. Melngailis, and A. J. Strauss, “Band structure and laser action in 
Shi, “Edge-emitting lead salt mid-infrared  laser structure on BaF  (110) substrate”, 
 and all other PbSe films.  Four PbSe films with thickness difference of ≈ 1 µm 
exhibited a linear relationship between the calculated heating effect and film thickness.  
This was verified using measurement of both changes in the photoluminescence 
spectrum and power changes in the blackbody emission. 
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Chapter 3 
 
Photoluminescence Thermal Analysis 
 
3.1
Historical interest in IV-VI semiconductor materials was spurred by applications 
 
boratory measurements of the 
al conductivity, kPbSe(300 K) ≈ 2 Watts meter-1 Kelvin-1.  This has 
 Motivation 
in mid-infrared opto-electronics [1-4].  PbSe, with direct bandgap energy (Eg) minima
along the [111] crystal direction (L-point) as shown in Figure 3-1 a), has been 
investigated as a room-temperature mid-IR detector.  La
absorption coefficient, α(E=hν), have shown contributions from incident photon 
resonance with  other direct interband transitions, label E2, and a lower energy transition 
E1.  However, unlike other material systems, demonstration of room-temperature lasing 
in IV-VI semiconductors has proven difficult to achieve due to several factors including 
a relatively low therm
Figure 3-1: PbSe energy dispersion a) and absorption coefficient b) at 300 K adapted
from multiple sources notably [1, 3, and 18]. 
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resulted in attempts to decrease the te the optically active material through 
dvanced film bonding techniques [5] and nanostructures including multiple quantum 
wells (MQWs) and q tron lifetimes. 
This intrinsically low thermal conductivity has lead to more recent experimental 
tigations of IV-VI semiconductor thermoelectric (TE) properties, 
particu
recently used to assess thin film thermal conductivity [15].  The first step in extraction 
of this information is analysis of complex PL emission spectra with curve fitting to 
determine slight changes in wavelength related to temperature increases, ΔT.  The 
second step is the use of finite element analysis of steady state heat transfer to solve 
Fourier’s law of thermodynamics.  This chapter outlines the data analysis techniques 
used to interpret the PL emission of PbSe thin films and MQW samples. A thermal heat 
transport model is presented and evaluated using a unique experiment to control optical 
power density.  The data is then used to calculate differences in the cross-plane thermal 
mperature in 
a
uantum dots (QDs) [6-7] that affect excited elec
and theoretical inves
larly at high temperature [8-10].  TE material efficiency is defined by the 
thermoelectric figure of merit, ZT = TσS2/k.  Embedded colloidal Pb nanoparticles [11] 
in PbTe were shown to reduce thermal conductivity (increasing ZT) up to 20% with 
both the particle density and particle size controlling the magnitude of the effect.  Other 
research has shown that PbTe superlattices (SLs) also reduce thermal conductivity with 
the magnitude determined by layer thickness [12]. 
Experiments to investigate these materials are routinely performed with non-
contact optical techniques such as photoluminescence (PL).  PL characterization has 
been used to observe MQW band splitting [13], carrier relaxation rates [14], and more 
conductivity of samples with different nanostructure designs. 
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3.2 Optical Heating in Photoluminescence 
 Near infrared laser stimulated photoluminescence in PbSe thin films is the 
absorption of photons at higher energy leading to the subsequent re-emission of photons 
at a low
d αPbSe(1.4 eV) ≈ 105 cm-1 at 300 K 
using s
 
er energy through a multi-step process governed by the quantum probabilistic 
theory on a large number of photons.    The first step of the process is absorption of 
laser photons with energy, Ehv ≥ Eg.  These photons have a probability of being 
absorbed within a given distance of material below the surface by imparting their 
energy to an exciton or electron-hole pair (EHP).  The Beer-Lambert law states the 
optical intensity, I, at a distance, d, into a solid is given by the relation I = I0e-αd where I0 
is the initial intensity.  Figure 3-2 shows the function 1-(I/I0) calculated for different 
absorption coefficients.  Suzuki et al [18] measure
pectroscopic ellipsometry that is similar to that reported by several other groups 
[19-20].  This translates to 37 % of 1.4 eV optical photons, not reflected at the surface 
Figure 3-2: Percentage of optical photons absorbed as a function of distance into a
PbSe solid crystal for two values of absorption coefficient. 
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of PbSe, being absorbed within 100 nm of material and an additional 35% being 
absorbed in the next 200 nm.  An absorption coefficient half that value would lead to 
50% of the photons penetrating material more than 1 µm below the surface.   
The initial optical power density, and therefore optical heating, in PL testing is 
controlled by the external optics and the magnitude of the photonic flux (or irradiance), 
Φ(x,y), incident on the thin film surface as shown in Sec. 2.2.1.  The minimum diameter 
that a circularly distributed coherent beam can be focused to on a perpendicular plane 
can be calculated using Eq. 3.1 for both an ideal lens and with a real world 
approximation [16].  For the PL system used in this research, the pump laser beam 
 
emitted photons with a wavelength λ = 875 nm, that exited a fiber collimator with dbeam 
= 2 mm and were focused by a lens with focal length, fl = 50.8 mm, that resulted in dmin 
examined with thermal modeling in later sections require the average and maximum 
(3.1)
beam
l
beam
l fdfd LensMinIdealMin dd
λ
π
λ 162 ≈⇒≥
≈ 618 µm.  Within the area of the film surface outlined by a circle of this diameter the 
power distribution can be approximated by a 2D Gaussian function that has a maximum 
amplitude that is inversely proportional to a directional spread factor, σx,y.  This function 
is combined with the derivative of the Beer-Lambert law [17] to form the optical 
exciton generation rate, Eq. 3.2, in the volume of material beneath the laser illuminated 
surface.  The magnitude is scaled by a variable, Pabs, related to the total optical power of 
the PL pump laser absorbed that can be converted to a photon density through Plank’s 
constant where 1 Watt of 1.41 eV photons corresponds to 4.4 x 1018 photons per second.  
Therefore the theoretical maximum exciton generation rate for PL system used with Pabs 
= 2.5 W and σx = σx = 23 µm is gehp = 8.8 x 1030 cm-3sec-1.  The PL experiments 
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 irradiance to be calculated for 1 W of optical power and various lens focal diameters 
greater than the minimum, Table 3-1.  In addition the steady state carrier change, Δn ≡ 
gehpτ, must remain below 6 x 1026 cm-3 or “band-filling effects” have been observed as 
 
PL emission from the higher energy non-degenerate L- valleys in PbSe/PbSrSe MQW 
films [7].  Since τ << 10-4 this PL set-up will only generate emission from lowest 
confined energy levels in the MQW films tested. 
Once a pump laser photon is absorbed and an exciton created, the second part of 
the PL process begins.  This quasi-particle has two weakly bound components (e for 
electron and h for the “hole” or vacancy created) with different mobility, µe,h, that will 
diffuse throughout the crystal lattice.  Stimulated particle diffusion occurs over a finite 
lifetime, τe,h, before inelastic scattering events lead to recombination.  A statistical 
average of the distance an exciton travels prior to recombination, called the diffusion 
13)/()/(
2
22 −−−−−
dz
dI zyx
yx
yx ασσ
σπσ ,=≡ seccmeeePg absxyehp
αφ (3.2)
dLens, 
µm 
Area, 10  ΦAvg, 10  ΦAvg, photons ΦMax, 10  ΦMax, photons -2 5 9
cm2 W/cm2 sec-1 cm-2 W/cm2 sec-1 cm-2 
2000 3.14 3.18 1.4 x 10  6.38 2.8 x 10  24 28
1500 1.76 5.66 2.5 x 10  11.3 5.0 x 10  24 28
1000 0.785 12.7 5.6 x 1024 25.5 1.1 x 1029 
750 0.441 22.6 9.9 x 10  45.2 2.0 x 10  24 29
500 0.196 51.0 2.2 x 10  102 4.5 x 10  25 29
400 0.126 79.6 3.5 x 1025 159 7.0 x 1029 
250 0.049 204 9.0 x 10  408 1.8 x 10  25 30
200 0.031 318 1.4 x 10  637 2.8 x 10  26 30
180 0.025 393 1.7 x 1026 786 3.5 x 1030 
Table 3-1: Maximum and average irradiance for PL testing with different optical
focusing diameters on the film surface. 
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length, can be defined using these two material properties, Λ2 ≡ τeµe(kT/q).  Figure 3-3 
graphically depicts the loss of exciton energy to entropy or heat, commonly referred to 
as relaxation, involves the creation and a of ph ith en Ñω.  
The phonons created during sca ring events will also di rgy 
nnihilation onons w ergy, E = 
tte ffuse and transport ene
further from the film surface.  However, e ΛPh ≤ m [1] is insignificant 
com d to t nce pho ravel o iffuse a  be ign
ndgap energy have two distinct time 
scales f
this distanc  10 n
pare he dista tons t r excitons d nd can ored. 
  
Excitons with energy greater than the ba
or recombination.  Thermalization of “hot” carriers, with energy greater than the 
energy band minima, is a significant limit to the efficiency of photovoltaic power 
generation [21].  Energy is transferred on the order of τTherm ≈ 10-15 seconds 
(femtoseconds, fs) through the Auger mechanism, phonon interaction, or generation of a 
second exciton with each process occurring at an independent rate.  Mathiessen’s rule is 
used to calculate the average particle lifetime, Eq. 3.3. Thermalization processes occur 
in less than 50 femtoseconds in colloidal PbSe [22].  Nanostructures such as PbSe 
 
Figure 3-3: Energy transport model beneath the surface of a thin film during PL
indicating heat generation. 
100 % Photon Energy 20 % Thermionic Excitons 
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quantum dots have been demonstrated that increased this lifetime to τTherm = 250 fs [23].  
Using a mobility value of 500 cm2V-1sec-1 for PbSe results in ΛTherm = 1.3 nm << dabs.  
The thermalization of 1.4 eV excitons in PbSe, Eg(300 K) ≈ 300 meV, constitutes 
approximately 80% of all non-radiative recombination.  A second, slower rate of 
 
recombination occurs when exciton energy is reduced to the bandgap energy.  The 
creation of a PL photon through radiative recombination occurs during this time period 
and is the only mechanism that does not convert exciton energy to heat.  A band-edge 
ca 0.1 µs at 300 K would correspond to ΛDiff = 2.00 µm.  The 
carrier lifetime in bulk material increases in MQW structures that suppress Auger 
rec  add an additional alloy scattering between layers with a band-edge 
d refore the 20 % of optical energy absorbed durin at is 
at up to several microns further below the film surface. 
(3.3)11 ,
1111)( −− ++++= secondωτ L
nelAugph
Total ττττ
rrier lifetime in PbSe of 
ombination but
ifference [24].  The g PL testing th
not converted to heat during thermalization in the first 500 nm of material may become 
he
 
3.3 Spectral Analysis Procedures 
Determining the heating effect calculated from the blue-shift in PL spectra can 
be facilitated by novel analysis techniques.  Figure 3-4 shows the visual code segment 
used to define a mathematical function and perform emission curve fitting using 
LabVIEW 2010 (National Instruments) programming software [25].  The complexity of 
luminescence spectra has been investigated for several material systems [26], 
stimulation techniques [27], and nanostructures [28].  This analysis technique uses a 
priori knowledge of the quantum output function to fit emission spectra and reduce the 
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effects of optical noise.  Non-linear curve fitting was done with an iterative Levenberg- 
Marquardt algorithm.  This function returns the residue, or weighted mean squared 
error, as a judgment of good fit.  The algorithm was terminated after either 10,000 
using 250 data points completed in two minutes for a single film test. 
iterations or a residue of 10-10 was reached.  The most complex analysis techniques 
 
3.3.1 
Figure 3-4: Analysis code for curve fitting of PL spectra using the LabVIEW visual
program ing interface. m
 
Data Processing 
The raw spectral data acquired from the FTIR is processed in four steps.  The 
first two steps were performed by the acquisition software: wavelength data channel 
time-averaging and background subtraction shown in Figure 3-5. The third step was 
digital post processing of additional background blackbody signal with a filter applied 
to remove high frequency noise.   The filter was implemented as an 8th order infinite 
impulse response (IIR) using cascaded 4th order tap coefficients.  The filter values were 
calculated using a “smoothing” design to minimize group delay and data shifting.  To 
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further reduce any altering of energy peak shape calculations were completed as a zero- 
phase filter.  This type of filter is implemented in two stages: first the data points are 
filtered in the acquired order generating an intermediate result that is filtered in reverse 
order to generate the final output. 
 
The fourth step of data processing, essential in the evaluation of PbSe PL 
s removal of optical artifacts including molecular absorption.  
The CO
emission near 300 K, wa
2 absorption band near 280-295 meV is commonly observed in PL data but only 
noted, Figure 3-6.  The data in this spectral region of interest can be reconstructed using 
the absorption coefficients reported in the HITRAN database [29] and Beer’s Law as 
previously discussed.  Individual absorption line intensities on the magnitude of 1 x 1019 
cm-1 at 293 meV and 6 x 1018 at 290 meV have been measured.  Accounting for effects 
in Doppler line broadening, assuming an ambient CO2 concentration of 350 parts per 
million, and with a path length of 20 cm the maximum absorption should be 
approximately 80 % on the high energy lobe and 67 % on the low energy side with the  
Figure 3-5: a) PL emission spectra from film #M141 at 292 K and b) the data with
signal processing to remove blackbody signal and high frequency noise. 
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minimum absorption of 40% signal intensity at 292.5 meV. After peak reconstruction 
another smoothing filter was applied to the data. 
  
 
3.3.2 PL Peak Emission Shape 
PL emission occurs in a volume of material with a three dimensional 
temperature/exciton distribution and the measured spectra are a superposition (or 
envelope) of this information.  If each portion of the PL volume contributed to the 
measured PL signal as shown in Figure 3-7, then the spectral intensity would represent 
a histogram of energy with Eg ∝ T.  The spectrum energy of maximum intensity would 
represent the statistical mode of material temperature with an asymmetric distribution.  
Emission intensity at the highest energy (temperature) may be reduced compared to 
lower energies because of a shorter total carrier lifetime due to increased Auger 
recombination.  However, probability that emission from material deeper within the  
Figure 3-6: Reconstructed PL emission data from sample #M046 at 302 K affected by
CO2 absorption. 
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film reaches the surface is reduced due to factors such as below bandgap absorption and 
an exponentially decreasing carrier population.  Similarly complicated spectra in mass 
spectroscopy [30] and the magneto-luminescence of PbSe [27] have been analyzed with 
the exponentially modified Gaussian (EMG) function, Eq. 3.4.  The PL intensity at a 
given energy, I(E),  is a function of a scaling factor I0, an exponential modification with 
time constant τ, and a Gaussian function defined by σ.  The value Ec represents the 
 
function centroid and provides for a shift in energy.  The integral in
 
Eq. 3.5, does not 
have a simple solution due to an infinite lower limit with the upper limit z = (E-Ec)/σ –
σ/τ.  However, it has been shown to be equal to the error function (erf), Eq. 3.6.  A finite 
 function in numerical calculation programs including LabVIEW.  The 
PL emission fit of a MQW thin film using a Gaussian function and an EMG function is 
l error was 1 x 10-5 and 1 x 10-6 respectively and 
 
lower limit of integration means this function can be solved numerically and is included 
 a table look-upas
shown in Figure 3-8.  The residua
Figure 3-7: Differential volume model of PL emission (left) with associated intensity
histogram (right). 
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increased linearly with emission amplitude indicating neither fit function to be ideal.  
The use of three independent Gaussian functions as single “peak” fit, taking advantage 
 
of Fourier’s Theorem, reduced the residual fit error to 1 x 10-7. This error was 
independent of emission amplitude and represented the minimum fit error achievable.  
The magnified peak intensity graph shows the significant advantages of the EMG fit 
(dashed line) in filtering the data feature maximum at 309 meV to a calculated value of 
315 meV.  The Gaussian fit (dotted line) shows a much lower intensity with a maximum 
at 318 meV.  The EMG fit clearly represents the asymmetric emission data more 
accurately and the residue of fits to emission data without CO2 reconstruction was two 
orders of magnitude lower than a single Gaussian peak. 
 
 
Figure 3-8: Comparison of multiple Gaussian peak fits and exponentially modified
Gaussian function on MQW PL emission. 
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3Thin film thermal conductivity can be calculated from the measured temperature 
increases associated with PL optical pump density through thermal modeling [15].  For 
this research calculations were completed with finite element (FE) analysis software 
(Tera Analysis, Toronto, Canada model Quickfield Ver. 5.0).  This program creates a 
periodically spaced mesh of nodes within an accurately scaled film model, Figure 3-9, 
to solve the continuous heat conduction problem using a single fixed boundary 
intersection of green lines) with the temperature of neighboring nodes connected by the 
mesh lines serving as additional boundary conditions.  The software begins with in
phenomenological solution of Fourier’s law for thermodynamics, 
.4 Thermal Modeling 
condition, the heatsink temperature (THS) of the film being tested, and a given amount of 
thermal energy, Q(x,y,z), generated within the model. The FE software used this 
information to calculate the temperature, T(x,y,z), of each node (shown as an 
guesses for the temperature of each node and then recursively evaluates the 
( )
itial 
QTk −=∇•∇ , until 
the fit error of the model temperature reaches an acceptable value similar to the process 
of one-dimensional PL spectra fitting routines described in the previous section.   
ic Gallium Indium (kEGaIn = 40 
Wm-1K-1) bonding material, and copper (kCU = 393 Wm-1K-1) sub-mount between the 
film surface and an edge of the model at a constant, known temperature equal to the 
The complete FE model shown in Figure 3-9 is 5 mm thick with the IV-VI 
semiconductor film being divided into several regions as listed: 1) heat is generated 
near the surface, 2) optically active material shown as a single block in red is beneath 
this, and 3) the remaining film is referred to as the test layer.  Additional model layers 
include a silicon substrate (kSi = 141 Wm-1K-1), a eutect
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heatsink setting.  The mean temperature of material in the model is calculated within the 
FE software by averaging the temperature of each node within a specifically outlined 
volume (i.e. the optically active region).  For the PbSe films tested the spatial limits of 
this region are determined by both the absorption depth and band-edge carrier diffusion.  
However, the MQW films tested were specifically designed for these experiments to 
create carrier confinement with an extended PbSrSe barrier layer 140 nm thick below 
the last PbSe well layer (10 nm).  This spatially confines excitons and limits PL 
emission to a fixed depth below the surface of the film.  In order to investigate these 
tions and dimensional definitions.  Figure 3-10 shows the 
properties several ab initio calculations were made using multiple thin film models with 
different heat power distribu
Figure 3-9: Thin film FE software thermal model with node mesh. 
Depth,  
z-axis 
Quickfield 
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500 nm 
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500 nm 
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FE results as a color map indicating temperature (minimum: blue = 293.15 K and 
maximum: red = 306 K) with isotherms plotted in black every 0.5 K.  The model heat 
source 
According to Sec. 3.2 the volume of material that heat is generated within and 
the material that PL comes from can be approximated using two material properties, dabs 
= 0.5 µm and Λdiff = 2 µm.  In addition the thermal model developed claims the FE 
model heat source, Q(x,y,z) in units of Watts/m3,  should be the same form as the optical 
was 800 µm wide on the film surface and 200 nm below.  The average 
temperature in this same volume of material was 302 K or 8.46 K greater than the 
heatsink temperature of 293.15 K. 
 
 
3.4.1 Spatial Limits 
Width of laser Beam on surface,  Width of Sample, 
Substrate 
800 µm 1 cm 
Isotherms (0.5 K): Temperature = 294 K 
T = 296 K 
Heatsink (5 mm below film) Temperature = 293.15 K 
Heatsink 
Figure 3-10: FE thermal model results for 1 Watt of heat generated in 1 x 109 cm3 of
PbSe material immediately beneath the surface: maximum temperature (red) is 306 K. 
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generation rate, Eq. 3.2.  Figure 3-11 shows the difference in therma ults 
for 1 Watt of absorbed optical power absorbed in the 500 nm immediately below the  
surface of a 2.5 µm film with heat distributed as a constant average, Q(x,y,z) = QAvg = 
constant, and a 2D Gaussian distribution, Q(x,y,z) = gehp(x,y,z).  The data plots shown 
are the average increase in temperature for the same volume of film he 
thermal model compared to the heat sink temperature, ΔTVol = TAvg – THS.  For a PL 
optical beam focused radius greater than 1 mm the difference in optical heating between 
a variable heat distribution and a constant distribution is less than 10 %.   FE 
calculations completed 40 % faster using a constant QAvg.  The effect of using a three 
dimensio del for heat generation is only significant at smaller optical beam 
diameters near the theoretical minimum, dLens = 500 µm, where the constant average 
power approximation resulted in 23% less heating. 
 
l modeling res
 m in taterial 
In addition
nal spatial mo
Figure 3-11: Thermal model temperature increase above the heatsink temperature in
the volume of material 500 nm below the film surface for different laser spot diameters
with a Gaussian heat distribution and an average heat distribution. 
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The thermal model also assumes that the material properties α and τ will 
determine the depth below the film surface that heat is generated.  Figure 3-12 shows 
the thermal model results for different values of the absorption coefficient in PbSe 
resulting in variation of dabs.  The ΔTVol shown was calculated for the MQW region of 
material in the model independent of the depth of material with heat generation.  
Changing the depth of the optically heated region from 0.1 µm to 0.5 µm below the 
surface resulted in less than a 2 % decrease of the expected temperature rise in the 
MQW material.  If αPbSe = 1 x 104 and a significant portion of the optical energy passed 
through the sample and was absorbed by the substrate up to 10 µm below the sample 
surface ΔTVol in the MQW region would be 33 % lower.  However, the spacing between 
temperature isotherms (contours) remains the same for the width variable independent 
yof the depth and the absorption coefficient. Therefore, for a laser spot approximatel  
Figure 3-12: Variation of the temperature increase in the MQW region of a thermal
model with heat generated in different volumes of material below the film surface. 
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800 µm wide on the film surface an absorption coefficient of 1 x 105 cm-1 would only 
result in 2.5 K more heating in the MQW region of a sample compared to an absorption 
coefficient of 1 x 104 cm-1. 
 
3.4.2 Film Comparison 
In order to investigate the expected emperature increases of PL-heated films 
with different thickness and different thermal con
 t
ductivity additional models up to 5 
µm thick were created.  Figure 3-13 shows the average temperature increase in two 
different volumes of material for FE models with varying thickness. The region of the 
model between 0.2 µm and 1 µm below the surface is approximately the location of the 
MQW structure in films #M141 and #M168.   The heat source for this analysis used 
dLens = 1 mm with a Gaussian distribution and dabs = 500 nm below the surface.  The 
calculated temperature for the region of the film model closest to the surface increases 
linearly with total model thickness at a rate of 0.83 K/µm.  Additional film material 
Figure 3-13: Temperature in different regions of FE models with a different total
thickness and 1 Watt of heat power generated up to 500 nm below the surface. 
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further below the surface (MQW layer) shows less significant heating that increases 
with total model thickness at a rate of ≈ 0.6 K/µm. 
The temperature increases in films of different thickness as a function of thermal 
conductivity in the material layers between the MQW optical layers and the substrate is 
shown in Figure 3-14.  The expected temperature increase for a PbSe thin film with k =  
2.2 Wm-1K-1 and thickness t = 2.5 µm would be ΔT ≈ 6 K.  A measured ΔT = 8 K would 
correspond to a lower thermal conductivity κ = 0.8 Wm-1K-1.  If another thicker sample 
(t = 3.1 µm) had the same measured temperature increase this would only correspond to 
a reduced thermal conductivity of 1.2 Wm-1K-1.  A heating effect twice the value 
expected for the reference value would constitute a reduction of thermal conductivity by 
nearly 80% to a value of 0.5 Wm-1K-1.  The area between the lines represents the 
corresponding relationship between temperature increase, thickness, and thermal 
conductivity for MQW samples reported on in previous chapters. 
 
Figure 3-14: Thermal model heat energy distributions in a 200 nm thick disk with
varying thermal conductivity. 
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 3.5 
film is shown in Table 3-2.  The system maximum absorbed power decreased 33% from 
the maximum to the minimum value.  Several films were tested a minimum of three 
times at each optical setting over a three-day period.  The first test of each day was 
excluded from all calculations.  The thin films tested, with varying thickness are listed 
in Table 3-3.  The thickness of the cap (or absorbing) layer on the MQW samples was 
nominally similar ≈ 150 nm.  The MQW optical layers consisted of 20 pairs of 
Thermal Model Analysis 
The accuracy of the PL emission analysis and thermal modeling was tested with 
a unique experiment using the optical characterization system described in Chapter 2 
and elsewhere [15].  An adjustable lens stage was used to “de-focus” the optical beam 
and decrease the surface irradiance on the film, Figure 3-15.  This system consisted of a 
1.41 eV diode laser fiber coupled (dbeam = 2 mm) and a lens having focal length fl = 51 
mm.  The minimum beam diameter was measured to be ≈ 860 µm and increased 
linearly as the lens was moved from the maximum focus at a rate of 0.03Δfl.  The 
calculated optical (heat) flux of 1 Watt total optical power through the surface of a PL 
Figure 3-15: Illustration of de-focusing experiment designed to investigate optical 
heating at different power density. 
Δfl = 2mm
Lens 
Beam 
fl = 51 mm 
Spot =>
=>
Defocused 
Surface 
Film Sample dLens  = 
dLens Min + 0.03Δfl dLens Min = 860 µm = 860 µm + 60 µm 
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Pb0.94Sr0.06Se/PbSe ≈ 30 nm and 10 nm respectively for a total of 800 nm. The material 
forming the test layer for film #M141 was PbSe, while films #M168 and #M207 were 
designed with multiple period SLs consisting of alternating Pb0.85Sn0.15Se and PbSe 
layers.  Film #M168 had three different periodicity SLs (125 pairs x 0.5 nm layers, 168  
x 1.2 and 250 x 1.5 nm) with 547 interfaces over a thickness of 1.68 µm.  PbSe samples 
were electronically characterized with Hall Effect measurements prior to PL testing.  
concentrations (np ≈ 3 x 10 ) with mobility (µp = 300 cm2V-1sec-1) at 300 K that both 
varied with temperature.  Film #M047 was n-type (ne = 4 x 1018) with µe = 82 cm2V-
sec  at 300 K.  The MQW films listed were doped with bismuth similar to film #M103 
that was measured with ne = 4 x 10  and µe ≈ 500 cm V sec  at 300 K.  The PbSe 
PbSe samples #M046, #M048, and #M049 had nominally similar intrinsic carrier 
17
1 -1
18 2 -1 -1
Thin Total Optical LUT 
Film Thick. Type dCap nm
 
Thick. (nm) Thick. LUT Type
M046 4.65 PbSe -   PbSe 
M047 4.37 PbSe -   PbSe 
M048 3.94 PbSe -   PbSe 
M049 3.78 PbSe -   PbSe 
M141 2.47 MQW 150 670 1.48 PbSe 
M168 3.08 MQW 180 712 1.79 SL 
Table 3-3: Dimensions used for different regions of the FE thermal models. 
Focus Δfl, dBeam,  
Area, 
-3 2
QAVG, z = 500 nm 
3
Gauss Qmax, z = 500 nm
3mm µm 10  cm  1 W/m 1 W/m  
Max -- 860 5.81 3.44 x 1012 4.33 x 1012 
Step 1 2 920 6.65 3.01 x 10  3.76 x 10  12 12
Step 2 4 980 7.54 2.65 x 1012 3.33 x 1012 
Step 3 6 1040 8.49 2.35 x 1012 2.94 x 1012 
Step 4 8 1100 9.50 2.10 x 1012 2.64 x 1012 
Table 3-2: Changes in heat power density during the optical experiment. 
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samples that have a lower electrical conductivity should heat more than samples with 
higher values. 
 
3.5.1 Spectral Analysis 
The PbSe thin film emission was dramatically affected by CO2 absorption for all 
room temperature measurements while MQW sample data was not, Figure 3-16.  All 
calculations reported for PbSe films used data processed with the absorption 
reconstruction techniques described previously.  The emission at maximum PL  
irradiance or focus (solid lines) was clearly shifted to higher energies with reduced 
intensity on the low energy side of the emission peak compared to spectra acquired 
when the beam was defocused (dashed lines).  This is a result of both an increased area 
of emission on the film surface previously not emitting a PL signal and a lower overall 
temperature increase of the entire film as predicted by thermal modeling.  However the 
high energy side of the PL emission peak for all films was a similar intensity for each 
level of irradiance at a constant total optical power.  Using the EMG fit described earlier 
Figure 3-16: PL emission spectra for PbSe sample #M049 (left) and MQW on SL
sample #M168 (right) for different “de-focused” laser settings. 
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film #M168 had a residue less than 6 x 10  for the data shown.  Film #M049 had a -7
residue of 7.7 x 10-7 on  da  
e m ured t in t  emissi um for incr l power 
ΔE , p ortio o a rature (Pabs) ≡ Δ for the 
ma irr ianc  sig ntly in roximately  larger, 
ompared to the minimum heat density as shown in Figure 3-17.  The measured 
meV/ 0.43 
meV  1 In addition, the PL emission peak quality typically, defined as the 
maxim  intensity ove ull-width at hal W
min oc ting is indi tes a decreased spread of energy (and therefore a 
reduced temp re differential) in the luminescent material for the larger optic am 
and/or a lower overall temperature.  The PL emission intensity for all films decreased at 
increased temperatures and increased irradiance.  For the data shown above the 
maximum intensity decreased roughly 40% over a 30 K change in temperature at a 
constant optical Pabs = 1.9 W.  The measured change at a heatsink temperature THS = 
ta and 2.0 x 10-5 for for rec structed the raw data. 
Th eas  shif he PL on fit maxim eased optica
PL(Pabs) rop nal t tempe increase ΔTPL EPL/ΔEg(T), 
ximum ad e was nifica creased, pap  four tim se
c
difference at Pabs = 2 W corresponds to a temperature difference of ΔTPL = 7 
K-1 = 6.3 K.  
um r the f f-maximum (F HM), was higher for the 
imum f us set s.  Th ca
eratu al be
Figure 3-17: Change in the PL energy with maximum intensity and FWHM for the
maximum and minimum irradiance settings. 
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303.15 K and Pabs = 1.9 W for the different focus settings was ~ 30 %.  This 
corresponds to an estimated 22 K increase in temperature for the maximum beam focus 
compared to the larger surface diameter optics for film #M168. 
3.5.2 
 
Film Conductivity 
The difference in thickness for PbSe thin films tested should result in less than a 
0.5 K difference in the PL induced temperature change ΔTPL according to the thermal 
modeling.  Figure 3-18 shows the change in temperature at the different optical focus 
settings for the absorption reconstructed emission data of these films.  The data show no  
clearly distinguishable difference in heating between the films due to overlapping 
measurement error bars.  However, the three films tested at all irradiances had the same 
relative heating with the thinnest film #M049 (open triangles) having the lowest heating 
effect for all measurements as would be expected.  The difference in the heating effect 
for the thickest (8.1 K/W) and thinnest film (7.4 K/W) shown at an optical focus of 980 
Figure 3-18: Optical heating effect in three PbSe samples with different thickness as a
function of optical focusing on the surface. 
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µm corresponds to the difference in ΔTVol shown for the different regions of material 
near the surface of the FE thermal model in Figure 3-13. 
The MQW samples tested showed a statistically significant variation in the PL 
induced temperature change, Figure 3-19, for two different samples of SL film #M168 
compared to PbSe film #M141.   At the greatest power density the heating effect was 
nearly 2X greater for the SL samples.  As just shown the slight difference in thickness 
(< 0.6 µm) between the films should not be a factor in the measurements and the 
increased heating of SL films compared to PbSe is attributed to a  difference in thermal 
conductivity, κSL << κBulk.  Assuming that film #M141 has a thermal conductivity nearly 
equal to PbSe, κ141 ≈ κPbSe = 2.2 Wm-1K-1 at 300 K and using Figure 3-14, which 
assumes all heat is generated within 500 nm of the surface, the increased heating in film 
#M168 corresponds to κ168 ≈ 0.6 Wm-1K-1.  If the heat were generated further below the 
surface due to a smaller absorption coefficient (for example α = 1 x 104 cm-1) the 
thermal conductivity of #M168 would be κ168 ≈ 0.4 Wm-1K-1.  However, this low a 
Figure 3-19: MQW measured heating effect and PL model variation with power
density and the lower thermal conductivity of SLs. 
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value for thermal conductivity in this sample is unlikely as will be shown in the next 
chapter.  If the heat generation in the FE was restricted to only 200 nm below the 
surface the PL results would correspond to κ168 ≈ 1.0 Wm-1K-1.  Since films #M168 and 
#M141 have a similar carrier density and mobility the difference in κ is attributed to a 
rmal conductivity.  Increased scattering or reflection of 
phonon
of PL emission spectra using an asymmetric function commonly used in other forms of 
spectroscopy to reduce measurement error.  An exponentially modified Gaussian 
function lowered the fit residue nearly two orders of magnitude compared to the raw 
data maximum or a Gaussian fit. Additional data analysis techniques to remove optical 
artifacts such as molecular absorption were also included. 
The validity of the thermal model presented was tested under variable optical 
pumping densities in continuous wave PL for multiple PbSe and PbSrSe/PbSe MQW 
thin films.  PL emission was observed for exciton generation rates covering more than 
The MQW films were analyzed with a multiple emission peak energy model for oblique 
reduction in the lattice the
s by the SL nanostructure can be responsible for this effect [12].   
 
3.6 Summary and Conclusions 
An energy transport model and novel calculation method were developed and 
used to measure cross-plane thermal conductivity in thin film PbSe and PbSnSe/PbSe 
superlattices from PL emission spectra.  Evaluation of material parameters including 
optical absorption coefficient, thermalization lifetime, and normal band-edge carrier 
lifetime at 300 K were tested with thermal models of varying complexity to establish 
valid approximations.  The energy transport model was combined with complex fitting 
three orders of magnitude with no observation of non-linearity or band-filling effects.  
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and lateral confined modes.  No difference between a single envelope function and the 
band filling model was measured. 
The energy transport model and PL analysis techniques presented were then 
used with an FE thermal model to calculate thin film thermal conductivity.  The FE 
model and various assumptions were developed and tested through several ab initio 
calculations of expected temperature rises of 2 to 5 µm thick films dependent on heat 
distribution, film thickness, and thermal conductivity.  This model was used to calculate 
the thermal conductivity of the films under the variable optical pumping density 
experiment.  A bulk value of κ = 2.2 Wm-1K-1 for PbSe at 300 K was used in modeling 
the test layer below a MQW optical layer in sample #M141 to predict an increased 
heating of approximately 6 K.  This was verified by PL measurements and was used as 
a reference comparison to MQW on SL structures in film #M168.  This film showed 
significantly increased heating (> 2X) and therefore a much lower thermal conductivity 
≈ 0.65 Wm-1K-1.  The SL films tested had minimum layer thicknesses of 0.5 nm and 2 
nm respectively with several hundred layer interfaces within 1.5 µm of material 
between the MQW and substrate that would decrease phonon transport and cross-plane 
thermal conductivity. 
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Chapter 4 
Low Temperature Properties of Superlattices 
 
ensionless value, z = Ñω/kBT, calculated using 
acoustic phonons dominate 
path, Λph ≡ vph × τph.  IV-VI semiconductor PbSe has a reported longitudinal acoustic 
n 
g 
he 
(4.1)
4.1 Motivation 
The temperature dependence of semiconductor thermal conductivity, k, along a 
specific crystal direction provides experimental evidence of quantum nanostructure 
theory.  The relaxation time approximation of the Boltzmann transport equation [1] for 
atomic lattice thermal conductivity, klat, at any temperature, T, given by Eq. 4.1 is the 
sum over j different phonon types and is proportional to the specific heat, Cp, integrated 
over all phonon energies with a dim
Plank’s constant, Ñ, Boltzmann’s constant, kB, and the phonon angular frequency, ω.  
( ) ( ) ( )
 
The Klemens-Callaway heat conduction model assumes 
∑∫= jjlat TTCTk ωτωω dz,v,)( 2j
j ω
ordered energy transport moving within the crystal at an average velocity, vph, for a 
finite lifetime, τph, before a scattering event and energy transfer.  The “average” 
distance the phonon travels before scattering is referred to as the particle mean free 
(LA) phonon velocity ≈ 3 km/second depending on crystal orientation [2] with a
average total lifetime τph ≈ 1 picosecond [3] at 300 K that results in Λph ≈ 3 nm. 
The total phonon lifetime is a combination of n distinct, independent scatterin
mechanisms that can be estimated [1] using Mathiessen’s rule, ∑= 11 ntot ττ .   T
phonon lifetime in “bulk”, or large, samples of PbSe between 100 K and 300 K is 
−−
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dominated by inelastic Umklapp scattering [2] between two phonons that is calculated 
using second order perturbation theory [4] shown in Eq. 4.2 where θ  is the Debye 
ic 
mass.  Therefore at low temperatures (T ≤ 50 K) most crystalline solids become more 
 
efficient heat conductors as the phonon lifetime increases.  However, a phonon wave is 
the motion of atoms and the maximum value of Λph is determined by the dimensions of 
the object being tested.  Figure 4-1 illustrates the “size” limit of thermal conductivity 
with data for two different samples of PbSe reproduced from [5].  At temperatures 
approximately equal to 100 K both samples had a nearly identical total thermal 
conductivity ktot ≈ 5 Wm-1K-1.  At higher temperatures the thermal conductivity of PbSe 
has been investigated by many other research groups more recently [1, 2, 6] and this 
value continues to decrease to ktot ≈ 2.0 Wm-1K-1 at 300 K that agrees with Umklapp 
scattering inversely proportional to temperature.  However, below 40 K the thermal 
conductivity of the two samples shown was not similar and the larger sample, with 
dimensions of 5 mm x 5 mm x 70 mm, had a significantly higher maximum ktot ≈ 220 
Wm-1K-1 compared to the smaller sample (2.5 mm x 3 mm x 35 mm) that had a 
maximum ktot ≈ 92 Wm-1K-1.  At temperatures below 6 K the measured thermal 
conductivity decreased at a similar rate for both films.  The rate of change is consistent 
with theoretical calculations [7] of the specific heat CV, which is proportional to the 
Debye relationship (T/θD)3, and indicates that the phonon mean free path is a size-
limited constant. 
(4.2)
D
temperature, γ is the Grüneisen anharmonicity parameter, and M is the average atom
)3/exp(22
2
1 TT
Mv DD
umk θωθ
γτ −≈− h
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 charge carriers, both electrons and holes with mobility, µ, contribute to thermal 
transport and the total thermal conductivity, ktot = klat + ke.  The electronic carrier 
In addition to lattice thermal conductivity from atomic motion the movement of 
thermal conductivity of metals [8] is given by the Wiedemann-Franz law, Eq. 4.4, and is 
proportional to the electrical conductivity, σ, and the Lorentz number, L0. The Lorentz 
(4.3)
 
number is a fundamental limit to the maximum random carrier diffusion in a 3D 
electron gas related to the thermal energy in the charge of an electron, q. However, for a 
well investigated high purity semiconductor such as silicon with an energy band-gap 
rentz numexperimental results have indicated the material has a lower effective Lo ber, 
L* = LActual /L0 < 1, that is a function of carrier concentration [9].  Several theories for 
calculating this value in PbSe have been proposed [10] based on different energy band 
2
8
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Figure 4-1: 
adapted from [5] showing reduced Umklapp scattering at low temperatures. 
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structure models that resulted in L* ≥ 0.7 at 300 K.  In contrast the authors of [5] 
claimed that L* ≤ 0.4 for all of their PbSe samples at lattice temperatures above 100 K.  
Since experiments only assess ktot the relative contribution of the lattice and electronic 
The theory of lattice thermal conductivity based on the phonon lifetime and 
B
components can only be estimated from samples with different carrier concentrations. 
mean free path enables engineering material properties [11-14] through alloying, 
impurities, and nanostructures.  Alloyed materials have increased phonon scattering 
compared to pure bulk materials due to differences in the mass and forces between 
neighboring atoms.  Embedded nanoparticles [15, 16] create crystalline imperfections 
that reduce the phonon lifetime as a function of the size and density of the impurity.  
The lifetime of phonons in nanostructured materials such as alternating atomic layer 
superlattices (SLs) [17] is dominated by boundary scattering, τ , caused by a difference 
in elasticity between layers.  The magnitude of this type of scattering [4], Eq. 4.2, is a 
function of layer thickness, L, phonon velocity, v, and the transmissivity, t, 
 
density, ρ.  These scattering mechanisms are independent and nanostructured SL layers 
of ternary alloys with different nanoparticle densities can achieve a lattice thermal 
conductivity similar to amorphous materials [18]. 
The fundamental quantum physics of nanostructures with low thermal 
conductivity has commercial applications in solid state thermoelectric (TE) power 
generation and refrigeration.  While the heat transport in optimized nanostructures is 
comparable to amorphous materials the electrical transport properties may be more 
between two layers that can be calculated using the phonon velocity and the material 
(4.4)( )
bbaa
2
bb
abB vv
vtttttLtv ρρ
ρτ 3321121 ,2
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4
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similar to crystalline materials [19].  The quality of TE materials is typically compared 
using the dimensionless figure of merit, ZT, shown in Eq. 4.5 and is a function of the 
Seebeck coefficient, S, in addition to the thermal and electrical conductivity.  Values of 
S = 200 µV/K, σ = 4.5 x 104 S/m, and ktot = 2.0 Wm-1K-1 that have been reported for 
 
bulk PbSe at 300 K results in a ZT = 0.3 that increases at higher temperatures [20].  
However, very few investigations of the TE properties of IV-VI semiconductors at 
lower temperatures have been published [5, 21] and none for nanostructured PbSe.  This 
chapter presents measurements of photoluminescence (PL) emission shift for multiple 
PbSe/PbSnSe SL m
that these nanostructured PbSe materials have a maximum estimated ZT = 1.2 at 300 K. 
 
(4.5)TSZT κ
σ2≡
quantum well (MQW) optical materials fabricated on single crystal PbSe and 
aterial over the temperature range 100 K to 250 K.  Thermal 
modeling of this optical heating effect indicates the SL films tested have klat values that 
are up to 10X lower than bulk material at 100 K.  The thermal conductivity data from 
six thin films with different carrier profiles, measured using the Hall Effect, indicates 
The PL testing system described in Chapter 2 was modified to accommodate a 
liquid nitrogen (LN2) cooled vacuum-sealed cryostat for thin film temperature control 
shown during a sample test in Figure 4-2.  The black square on the CCD camera display 
is an image of the sample mounted inside the cryostat.  The cryostat housing was a cube 
with IR transparent 1.5 inch diameter removable glass windows perpendicular to the 
thin film sample surface for entry of the PL stimulating laser beam and exit of the 
4.2 Experimental Procedures 
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reflected beam.  At the PL laser energy (Elas = 1.4 eV) the normal incidence optical 
transmission through the calcium fluoride (CaF2) windows was measured, Tw = 93%, 
with a calibrated optical power meter (Newport, Inc. model # 1816-C) and thermopile 
detector (model # 818P-12).  The blackbody and PL emission spectrum from the PbSe 
film surface exited the cryostat through either a CaF2 window with cutoff wavelength, 
λc = 7 µm, or a zinc selenide window (TZnSe = 65%, λc = 20 µm) [22].    More magnified 
images of the testing apparatus with the PL laser illuminating a PbSe thin film are 
shown in Figure 4-3.  The CCD camera “sees” the infrared light from the laser scattered 
off of surfaces that appears as either purple or white dots in the images.  Figure 4-3 a) 
CCD Display 
& Camera 
ILX 
Current Control 
Oriel MIR 
8000 Lakeshore 
Temperature Control FTIR 
Near 
IR 
LaserDetector 
(LN2) 
Sealed PC – Custom 
User Software Cryostat Near IR Power Meter
 
Figure 4-2: Image of the PL system for low temperature testing with a LN2 cooled
cryostat. 
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on the left shows the optical signal focused by a two-inch CaF2 lens and reflected off 
the film surface that is visible through the glass window.  Figure 4-3 b) on the right 
shows the reflected optical beam being measured with the power meter during testing.  
The samples tested were ≈ 1 cm square pieces diced or cleaved from circular 3-inch 
techniques detailed in references [
silicon wafers with IV-VI films grown using molecular beam epitaxy (MBE) with 
23-24].  Film samples were then affixed by the 
substrate to a copper sub-mount using a eutectic gallium indium (EGaIn) [25] layer.  
The sub-mount was a 17 mm by 26 mm rectangular copper plate that was 
approximately 1 mm thick that could be attached to the temperature controlled cryostat 
interior mount with two #2-56 screws. The cryostat mount was constructed of copper 
Figure 4-3: Images of the PL laser system window reflections and thin film
illumination captured using a digital camera. 
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and temperature was stabilized with an integrated electrically resistive heating element 
and an external proportional, integral, and derivative (PID) control unit (Lakeshore 
Cryotronics, Inc. model #330) using a silicon diode temperature sensor (model #DT-
570) and a 25 Watt resistive cartridge heater. 
The cryostat chamber was evacuated using a mechanical vacuum pump for more 
than 45 minutes to lower the internal pressure below 3 x 10-3 Torr.  During film testing 
the cryostat pressure was additionally maintained with a liquid nitrogen-cooled sorption 
pump to enable extended low temperature data acquisition.  Thin films were evaluated 
by measuring the temperature dependent “blue-shift” of PL emission associated with 
optical heating, PEPEPL ΔΔ≡Δ )( , for absorbed optical powers up to 2.5 W.  Figure 4-4 
shows the test timing and the number of heatsink tempera mple was 
tested.  As the system temperature was lowered data were acq est set point 
(250 K, 200 K, 150 K, and 100 K) with the temperature varied ± 10 K and averaged for 
a single value.  Data were also ac d as the system temperature was raised from a 
minimum value of 90 K to room temperature for a total of 30 different data sets at 12 
different fixed temp tral data acquired at each test setting consisted of 
four to seven optical powers for a total of more than 100 independent measurem or 
each film during a single test.  At each t the reflected PL laser power was 
measured to calculate the absorbed power with the effect of reflection losses from two 
glass windows taken into account.  The rate of heatsink temperature change applied to 
thin fil ing was controlled with a custom progra  using National 
Instruments, Inc. LabVIEW Version 7.0 development platform.  Temperature range (or 
tures that each sa
uired at each t
quire
eratures.  The spec
ents f
test poin
ms during test m written
zone) dependent PID values were implemented to reduce thermal shock from 
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temperature cycling due to thermal expansion mismatch between the IV-VI materials 
and a CaF2 buffer layer grown between the silicon substrate and the IV-VI films [26]. 
100
150
200
250
300
 
The effect of PbSe/Pb0.85Sn0.15Se superlattice design parameters on total material 
cross-plane thermal conductivity were evalu atrix of thin film designs 
with different SL periodicity, thickness, and e rti e 4-5 shows the 
SL film structure of sample #M168 compared with sample #M141 that only contained 
 
ated using a m
lectrical prope es.  Figur
Figure 4-5: Comparison of MQW on PbSe sample #M141 with SL sample #M168. 
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micron of film material for all samples was a nominally similar 20-pair MQW with 
PbSe between the optically active upper material layers and the substrate.  The top 
alternating PbSe/Pb0.93Sr0.07Se layers and extended thickness PbSrSe barrier layers, t ≈ 
150 nm, immediately above the first and below the last PbSe quantum well layer for 
carrier spatial confinement. The MQW design creates confined electron energy levels 
blue-shifted approximately 12 meV from both PbSe band edges with L-valley band 
degeneracy removed [23].  For SL sample #M168 the approximately 2.1 µm of material 
below the optical layers, labeled the layer under test (LUT), contained three different 
SL types each ≈ The layers of each SL type were 2.4 nm, 1.8 nm, and 1.2 
nm thick with 125, 167 and 250 pairs respectively.  Table 4-1 contains a summary of 
four other SL samples that contained either 5 or 7 different SL types with different layer 
thicknesses.  Additional sample details are contained in Appendix B. 
  
 
4.3 Low Temperature Testing Results 
The electronic properties of all samples were characterized in the temperature 
range from 300 K to 100 K with Hall effect measurements prior to PL testing.  Samples 
 600 nm thick.  
 
#M141 and #M168 could not be accurately tested because the upper MQW layers were 
Table 4-1: Summary of MQW on SL sample design thickness.
Sample # SL SL Layer Thickness (nm) # LUT Average 
Thickness ID # Types Layers Thick Min Max Total 
M168 3 1.2 2.4 600 1084 1.79 µm 1.65 nm 
M211 5 1.0 5.0 300 686 1.68 µm 2.45 nm 
M212 5 0.5 2.5 300 1370 1.69 µm 1.24 nm 
M213 7 0.5 2.0 200 1374 1.56 µm 1.13 nm 
M214 7 1.5 3.0 200 654 1.72 µm 2.64 nm 
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undoped p-type and the lower layers were doped n-type with bismuth that created a pn-
junction ≈ 1 µm below the surface.  However, sample #M103 was doped uniformly with 
bismuth using the same MBE growth conditions as the lower layers of samples #M141 
and #M168 and should therefore have approximately the same electronic properties.  
The temperature dependent carrier concentration, n, and mobility, µ, of sample #M103 
and the undoped SL samples are summarized in Table 4-2.  The carrier concentration of 
the undoped SL samples at 250 K is 2.61 ± 0.13 holes cm-3 that decreases to 1.49 ± 0.13 
holes cm-3 due to carrier freeze out.  The mobility of the carriers in these samples 
increases more than 10X as the lattice temperature is decreased from 250 K to 100 K 
due primarily to a reduced Auger scattering [27].  The majority carrier concentration 
(electrons indicated by the negative sign) in the intentionally doped sample #M103 is 
20X greater than the undoped samples and increases as the temperature is lowered.  The 
mobility of the electrons in this sample increases only 5X as the temperature is lowered 
to 100 K.  The Hall effect data can be used to estimate the electrical conductivity [10] of 
these samples with the equation, σ ≈ n µ q, where q is the charge of an electron and is 
 
Sample 
ID # 
T = 250 K T = 200 K T = 150 K T = 100 K
µ, 
cm2/Vs 
n, 1017 
cm-3 
µ, 
cm2/Vs 
n, 1017 
cm-3 
µ, 
cm2/Vs
n, 1017 
cm-3 
µ, 
cm2/Vs 
n, 1017 
cm-3 
M103 1710 -55.7 2530 -56.5 3792 -56.7 6697 -59.3 
M211 1022 2.46 2135 1.87 4514 1.59 11540 1.46 
M212 1278 2.76 2711 2.22 5860 1.98 15070 1.90 
M213 1140 2.65 2405 2.05 5225 1.75 14110 1.60 
M214 747 2.55 1535 1.76 3291 1.34 8839 1.01 
Table 4-2: Measured temperature dependence of the carrier concentration and mobility
of PbSe samples using the Hall Effect. 
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equal to 1.602 x 10-19 Coulombs.  Figure 4-6 a) shows the electrical conductivity of 
sample #M103 and SL sample #M212.  This data is combined with the relative Lorenz 
number calculated using the single para d model and the Wiedemann-Franz law 
to estimate the electronic component of thermal conductivity for doped samples #M141 
and #M168 compared to an undoped s igure 4-6 b). 
 
cryostat through a ZnSe window.  The blackbody emission of the tested samples 
2
showed differences in the measured ΔEPL(P), and therefore thermal conductivity, 
between PbSe sample #M141 and PbSe/PbSnSe SL sample #M168 [28].  However, 
most MQW on SL samples had low intensity PL emission at or above 300 K that could 
bolic ban
ample in F
Initial PL testing of samples was completed with PL emission exiting the 
verified that this system operated similarly to the thermoelectric cooled system 
described in Chapter 2.  For all subsequent testing PL emission from samples exited the 
cryostat through the CaF  window that absorbed all blackbody radiation.  In the 
previous chapters PL characterization of IV-VI semiconductor samples at 300 K 
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Figure 4-6: a) Measured electrical conductivity of different samples from 90 K to 340 
K and b) calculated electronic thermal conductivity of similar samples. 
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not be analyzed.  Figure 4-7 a) shows the PL spectra of SL sample #M214 at lower 
he p es cal p er, Pa 4 W. 7 
b) shows the change in emis  as a tion rb at a m 
hea mperature of  K.  shift e PL trum with m 
intens Emax) was determined using a single peak dified Gaussian 
(EM with molecu sorp by tec es in t us 
apter.  The largest fit error occurred at a heatsink temperature of 200 K where Emax 
es with atmospheric gas CO2 absorption at 290 meV. All other spectral data 
ar asymmetric intensity distribution with a 
larger portion of the optical power on the high energy side of max
max abs
PL
 
PL
atsink tem eratur  for a constant absorbed opti ow bs = 2.   Figure 4-
 PL sion  func of abso ed power  fixed fil
tsink te  150  The  of th  spec  energy  maximu
 exponentially moity (
G) fit lar ab tion corrected hniqu described he previo
ch
coincid
from the MQW on SL films exhibited a simil
E . The linear least 
squares (LLS) fit of E  as a function of P  for the data shown resulted in a value of 
ΔE (P) = 3.22 meV/Watt with fit accuracy metric R2 = 0.987. 
The shift of PL emission maximum energy as a function of temperature, 
ΔE (T), for a constant absorbed optical power ≈ 2.5 Watts for all MQW on SL samples 
is shown in Figure 4-8.  Table 4-3 summarizes the slope, intercept, and R2-value of an 
Figure 4-7: PL emission spectra measured for thin film #M214 for a) different  heatsink 
temperatures and b) different absorbed optical powers. 
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LLS fit of the data for these samples and includes data for MQW on PbSe sample 
#M141.  The shift of PL emission energy with heatsink temperature is used to convert 
the shift of PL emission energy with increased optical power into the optical heating 
peak at different heatsink temperatures shown Figure 4-9 b).  The FWHM decreases 
approximately 15% for undoped SL samples but decreased 38% for sample #M168 at 
the lowest tested temperature.   The FWHM of PL emission is a function of the absolute 
effect, HE ≡ ΔEPL(P)/ΔEPL(T) with units K/Watt.  The MQW on SL films had an 
average ΔEPL(T) = 0.43 ± 5% meV/K similar to the value reported by others [24].   In 
addition to similar ΔE (T) ple that was tested exhibited a 
similar cha L ity n ur .  T easured PL e n 
intensity increased as the sample heatsink tem erature was lowe
K.  The PL intensity then decreased at lower peratu e sam
pe e. only ifica ere  th mission of the MQW L 
sa as hang he fu th a a  (F ) o L e n 
 
PL  values each MQW
intens
 on SL sam
in Fignge in P  as show e 4-9 a) he m missio
p red from 260 K to 150 
tem res at nearly th e rate of 1 % 
r degre  The  sign nt diff nce in e PL e  on S
mples w  the c e in t ll-wid t half-m ximum WHM f the P missio
Figure 4-8: Measured change in the energy of the maximum intensity PL emission
from PbSrSe/PbSe MQW on SL samples from 90-260 K. 
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 lattice temperature due to the Fermi-Dirac distribution of carriers and energy level   
occupancy [29] but is also a function of the temperature difference in the volume of 
 
emission from sample #M168 compared to other samples is attributed to a smaller 
temperature gradient within the MQW region that would only occur if the thermal 
conductivity of the sample was decreasing more dramatically at lower temperatures. 
 
The optical heating effect for the different samples tested as a function of 
and the intentionally doped samples are shown on the right.  The undoped samples 
material where PL emission originates.  The larger decrease in the FWHM of PL
temperature is shown in Figure 4-10.  The undoped SL samples are shown on the left 
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Figure 4-9: PbSrSe/PbSe MQW PL data from 90-260 K a) emission intensity and b)
normalized emission FWHM. 
b)a)
Film-Sample ΔEPL(T) (meV/K) Intercept (meV) R2 
M148-H1 0.488 180.03 0.9895 
M168-C 0.417 205.17 0.9985 
M211-R 0.423 208.66 0.9976 
M212-R 0.456 200.82 0.9977 
M213-R 0.426 191.50 0.9976 
M214-R 0.406 200.89 0.9962 
Table 4-3: MQW sample bandgap temperature dependence fitting results. 
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show no significant change in optical heating at lower temperatures.  The slight 
decrease (≈ 13 %) in optical heating for sample #M213 may be due to noise in the PL 
spectra since the PL intensity of this sample at 250 K was significantly lower than all 
other samples that were tested.  Both doped samples exhibited a more dramatic decrease 
in optical heating at lower heatsink temperatures.  The optical heating in sample #M141 
without a SL nanostructure, decreased more than 50%. 
15
 
 
4.4 Thermal Conductivity Results 
The optically induced PL heating effect was converted to thermal conductivity 
using Tera Analysis, Inc. Quickfield Version 5.0 finite element (FE) software.  The 
thermal model that was used is described in Chapter 3 and has multiple material layers 
including the silicon substrate, copper sub-mount, and a layer of either EGaIn or pure 
indium used to attach the substrate to the copper sub-mount.   The change in thermal 
Figure 4-10: The optical heating calculated from the shift of PL spectra for different
samples as a function of temperature: a) undoped samples and b) doped samples. 
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conductivity for these materials as a function of temperature from different reference 
sources is summarized in Table 4-4.  The thermal model for each sample was evaluated 
at the given temperatures with directional thermal conductivity, or anisotropy, taken in 
account.  The in-plane SL layer thermal conductivities, kí, were set to the value of bulk  
PbSe and only the cross-plane thermal conductivity, k^, was allowed to vary as the data 
fit parameter. The thermal model in-plane power distribution used was Gaussian with 
95% of the total optical power within 1 mm of the beam spot maximum on the film 
surface.  This value was determined by comparison of the measured heating effect and 
results of the room temperature system optical power density experiment in Chapter 3. 
 
The calculated total cross-plane thermal conductivity for all tested samples is 
shown in Figure 4-11.  The right graph shows that both samples that were doped with 
eased thermal conductivity at 
lower temperatures.    The total thermal conductivity of sample #M168 increased 0.6 
Wm-1K-1 that is nearly equal to the expected change in the electronic component of 
thermal conductivity calculated previously, Δke ≈ 0.54 Wm-1K-1, and shown in Figure 
4-6.  It should be noted that the Hall effect data represents in-plane charge carrier 
an n-type carrier concentration, n ≈ 6 x 1018 cm-3, had incr
Material Thermal Conductivity, Watts meter-1 Kelvin-1 Refs. 
Temperature 300 K 250 K 200 K 150 K 100 K 
Copper 393 425 465 515 600 12, 8, 30 
Silicon 141 185 275 420 900 7, 31 
In 350 365 385 435 500 32 
GaIn 40 42 46 52 80 33, 34 
PbSe 2.2 2.5 2.9 3.8 6 2, 5, 6, 19 
Table 4-4: The thermal conductivity of different materials used in the FE model of the 
PL system at different test temperatures. 
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transport properties and that the cross-plane transport through the superlattice structure 
may be 18]. h ater increase in total 
thermal conductivity Δktot ≈ 2 -1K-1 that i that the lattice thermal 
conductivity of this sample also increased as would be expected due to reduced 
Umklapp scattering, Eq. 4.2, in the bulk PbSe layer beneath the MQW optical layers.  In  
contrast the total thermal conductivity of the undoped SLs shown in the left graph had 
e
 is 
inversely proportional to temperature.  The lattice thermal conductivity of samples 
#M212 and #M213, klat ≈ 0.4 Wm-1K-1, is near the theoretical limit for amorphous 
 different [17,   Sample #M141 ex ibited an even gre
.4 Wm ndicates 
no significant variation in thermal conductivity at any temperature that indicates 
boundary scattering is the dominant phonon scattering mechanism.  The expected 
increase in the electronic component of thermal conductivity for these SL films was too 
small to be detected by the PL measurement system, k  ≤ 0.06 Wm-1K-1 at 100 K.  
Figure 4-12 shows just the lattice component of thermal conductivity for all of the 
samples.  The solid line indicates an increase in lattice thermal conductivity that
Figure 4-11: The total thermal conductivity of different SL samples compared to
sample #M141 with a single PbSe test layer (lines to guide the eye). 
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materials [36] yet these samples retain crystalline electronic transport properties.  This 
agrees well with the results of other IV-VI semiconductor nanostructured SL material 
[35] in the temperature range from 300 K to 700 K.  Androulakis and coworkers 
fabricated periodic structures of PbSnTe and PbS with spinodal decomposition that 
resulted in with alternating material layers that were in the range of 2-5 nm thick.  The 
lattice thermal conductivity reported for different samples ranged from 0.4 Wm-1K-1 to 
1.1 Wm-1K-1 based on the stoichiometric ratio of growth components that determined 
the layer thickness.  In addition the lattice thermal conductivity their samples did not  
change significantly with temperature.  Figure 4-13 shows the lattice thermal 
conductivity as a function of the average layer thickness for the entire structure for the 
SL samples tested for this research.  The thermal conductivity is highly linear and 
agrees with the equation for the phonon lifetime due to boundary scattering, Eq. 4.4.  
This trend is consistent for a heatsink temperature of 250 K and 100 K with an LLS fit 
quality of R2 = 0.928 and R2 = 0.956 respectively.  This data contradicts the report of 
Figure 4-12: Lattice thermal conductivity from 250 K to 100 K for MQW on PbSe and
MQW on SL thin films. 
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[17] that showed that the lowest lattice thermal conductivity, klat ≈ 0.33 Wm-1K-1, for 
PbTe/PbSeTe SLs occurred for layers that were 7 nm thick and klat increased for thinner 
layers.  However, these SL materials were grown by thermal evaporation and the 
epitaxial layers exhibited “kinks” attributed to “subsurface polishing damage” to the 
BaF2 substrate during preparation. 
   
 
4.5 ary an nclus  Summ d Co ions
The temperature dependence of bulk nanostructured IV-VI semiconductor 
MBE-grown materials was investigated with a PL induced heating effect experiment 
analyzed with FE thermal modeling.  A custom testing apparatus using a liquid nitrogen 
cooled cryostat was developed to precisely control film temperature across a large 
temperature range 90 K to 320 K.  Data collection was automated with a custom 
software program using a standard computer serial bus interface to control multiple 
instruments including a PID temperature controller.  This software included advanced 
Figur otal th l conductivity as a function of heterojunction per distance foe 4-13: T erma r
intrinsic and doped MQW films. 
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timing control to manage the thermal stress applied to films due to rapid cooling and 
heating during testing.  Analysis of the PL emission from several MQW on SL films 
provided insight into electrical and thermal energy transport in these nanostructures.  
Both the intensity and distribution of PL emission over a broad temperature range was 
documented.  In addition the measured PL emission FWHM for un-doped MQW on SL 
films #M211, #M212, #M213, and #M214 decreased linearly with temperature at 
approximately the same value irrespective of intensity changes.  However, for film 
#M168 the FWHM decreased more drastically than all other films indicating less 
heating at lower temperatures and therefore a higher thermal conductivity than un-
doped MQW on SL films. 
The thermal conductivity of all films, extrapolated from the measured PL 
emission shifts with a FE thermal model, was clearly related to both electronic carrier 
properties and physical film dimensions.  Both film samples with doped n-type carrier 
concentrations had decreased heating and higher thermal conductivity compared to un-
doped films at all temperatures.  The thermal conductivity of these two films (#M168 
and #M141) increased with temperature from 1.5 Wm-1K-1 and 3.0 Wm-1K-1 at 250 K to 
2.2 Wm-1K-1 and 5.4 Wm-1K-1 at 100 K respectively. Assuming a nominal Seebeck 
coefficient as reported elsewhere [21] and that the cross-plane electrical conductivity of 
film #M168 is reduced from measured Hall effect values by 20% this films exhibits a 
ZT ≈ 0.77 at 250 K that reduces to ZT ≈ 0.21 at 100 K.  These ZT values correspond to a 
theoretical maximum temperature difference ΔT ≡ (TH - TC) = z(TC2)/2 for a TE cooling 
device [37] of ΔT250K = 56 K and ΔT100K = 8 K. 
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The SL films with similar undoped p-type carrier concentrations had a total 
thermal conductivity at a heatsink temperature of 250 K: #M211 (ktot = 1.15 Wm-1K-1), 
#M212 (ktot = 0.44 Wm-1K-1), #M213 (ktot = 0.42 Wm-1K-1), and #M214 (ktot = 0.94 
Wm-1K-1).   These films exhibited little or no change in optical heating during PL 
measurements, and therefore thermal conductivity, over the temperature range 100 K to 
250 K.  The difference in total thermal conductivity between these films and doped SL 
film #M168 is explained by differences in the electrical conductivity calculated from 
Hall effect measurements.  The Hall effect data were used with a Lorenz number, 
calculated using a parabolic band approximation developed by others, to estimate the 
cross-plane thermal conductivity from electrical carriers (ke) using the Wiedemann-
Franz law.  The electronic component of thermal conductivity was subtracted from the 
total thermal conductivity to estimate the lattice thermal conductivity for all samples.  
The lattice thermal conductivity was a nearly linear function (R2 = 0.95) of the average 
layer thickness in the SLs between the optically active MQW layers and the silicon 
substrate at all test temperatures.  No difference in the measured  klat based on the 
number of SL pairs (30 for the thickest layers of 5 nm and 300 for the thinnest layers of 
0.5 nm) or number of SL types (3, 5, or 7) that may have indicated any phonon wave 
reflection effects [38] were readily observed. 
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Chapter 5 
PbSe/PbSnSe Acoustic Distributed Bragg Reflectors 
terference effects when the 
(DBR) uses the repetitive difference of the index of 
 
at either end of a single material gain medium similar to the diagram of a vertical cavity 
n acoustic micro-cavity (AMC) [5].  These 
e reflectivity of an optical DBR is 
 
5.1 Motivation 
Quantum mechanics treats photon, electron, and phonon propagation with a 
particle-wave duality that mathematically results in in
particle wavelength is similar to the structural periodicity of the materials.  The 
distributed Bragg reflector 
refraction, n, between two materials fabricated in thin alternating layers that are stacked
in pairs to enhance the reflectivity of macrostructures for waves of a particular 
wavelength [1, 2].  Figure 5-1 shows DBRs used to create the high reflectivity mirrors 
surface emitting laser (VCSEL) [3, 4] or a
devices are designed for a target wavelength (λ0 = hcvac/E0) that determines the 
optimized thickness of each layer in a pair.  Th
Figure 5-1: Diagram of a gain medium surrounded by two different types of DBRs with
different thickness layers that reflect different particle wavelengths. 
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determined by the number of pairs and the difference between two material parameters: 
n and either the electric field permittivity, ε, or the magnetic permeability, µ.  A high 
applications in medical imaging and treatment would benefit from high power, single 
DBR devices demonstrating enhanced phonon populations with the relevant material 
y the acoustic 
eeded a layer thickness dSL ≤ 10 nm for 
 
 density (ρ) and LA phonon velocity 
.  
y 
man spectra of AMCs have 
contrast between these parameters in each DBR layer increases the reflectivity of each 
pair and minimizes the total mirror thickness required to achieve a given reflectivity. 
The mid-IR VCSELs reported in [4] were fabricated using IV-VI semiconductor lead 
selenide (PbSe) as the gain medium with three-pair DBR mirrors using alternating 
layers of BaF2 and PbSrSe.  The reflectivity of the top and bottom mirror was set by 
varying the percentage, x, of strontium in Pb1-xSrxSe layers. 
 Researchers have proposed that optical wave theory analogs can be applied to 
atomic crystal waves or phonons to design and create an “acoustic laser” [6-7].  Several 
frequency, and focused sonic waves [8-10].  Table 5-1 contains a summary of acoustic 
properties compared to PbSe.  This experimental evidence was predicted b
mismatch model (AMM) outlined by Mizuno and Tamura [16] who showed that 
GaAs/AlAs acoustic DBR structures n
confinement of the high energy longitudinal acoustic phonon (sound wave).  The AMM
calculation is based on differences in the material
(VT) between two layers.  The AMC device structure used for phonon confinement 
experiments typically employs optical stimulation and excited carrier decay to create 
additional phonons in the gain media requiring multiple cavities as shown in Figure 5-1
The effects can be observed with Raman spectrometers measuring the in-elasticall
scattered pump light or an additional probe beam.  The Ra
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 been shown to alter the thermoelectric (TE) properties of materials.   The lattice thermal 
 The diffuse mismatch model 
MM) assumes phonons scatter due to differences in lattice periodicity [17] where the 
magnitude of phonon scattering is dependent on several material properties including 
the interface roughness [18].  These factors combined with the difficulty in fabricating 
clearly demonstrated enhancement of single wavelength zone-center, dispersion-less 
high energy acoustic phonons.  However, it is still unclear whether low energy acoustic 
phonons have similar properties or if these quasi-particles exhibit behavior analogous to 
differences in radio wave transmission compared to photons or x-rays.  
In addition to the development of novel devices, the acoustic DBR, also called 
superlattices (SLs) to denote a fundamental difference in the governing physics, have 
conductivity, klat, of a material is proportional to the lifetime, τph, or mean free-path, 
ΛPH, of acoustic phonons that are scattered at the interface (boundary) between two 
materials.  Therefore nanostructured bulk materials can be designed with SLs consisting 
of several hundred interfaces, each separated by several nanometers, in a much thicker 
composite material that has a low thermal conductivity. 
(D
Materials Ref Thick.  Layer Acoustic Properties 
Layer 1 Layer 2 
 1 2 Pairs ρ1 VT,1 ρ2 VT,2 
 nm # g/cm3 km/s g/cm3 km/s 
AlAs GaAs 11 7.4 3.8 12 5.360 5.61 3.96 5.35 
AlAs  GaAs 12 6.1 2.4 11 5.360 5.61 3.96 5.35 
BaTiO3 SrTiO3 13 2 5 10 -- 5.42 -- 7.85 
Si Si0.4Ge0.6 14 8 4 20 2.39 8.43 4.25 5.82 
PbSe Pb0.93Sr0.07Se 15 N/A: 
Calculations 
8.274 4.02 7.822 4.20 
PbSe Pb0.85Sn0.15Se 15 8.274 4.02 7.854 4.25 
Table 5-1: Relevant acoustic DBR material parameters for phonon wave reflection. 
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ideal atomic monolayer SLs has le n the scientific literature over the 
theoretical in phonon 
flection in nanostructured materials.  While no clear evidence of phonon coherence 
hermal conductivity measurements exists to date [19-21], the 
potenti
semiconductors.  These theoretical calculations are discussed with respect to 
experimental results of thermal transport properties for several thin films with varying 
complex SL designs that were characterized using a photoluminescence technique.  The 
section will conclude with optimized film designs rules for nanostructured thin films 
that maximize cross-plane TE performance.  
 
5.2 Material Parameters in PbSe/SnSe Superlattices 
 room temperature 
d to debate i
possibilities for reduction of klat due to coherent effects resulting 
re
being observed in t
al benefits of optimization of TE materials merits further investigation.  More 
recent research into SL material with alternating layers of isotopic silicon [22] may 
address the complexity of isolating a single phonon scattering mechanism amongst 
several since the only difference between SL layers is atomic mass. 
This chapter presents novel calculations and design theory for acoustic DBR 
material with enhanced TE performance using superlattices of PbSe/PbSnSe. There is a 
brief review of the important material parameters used in optical, electrical, and 
acoustic wave theory.  A numerical method for calculation of electron transmission in 
SLs available in the literature is adapted for optical DBRs to establish basic design 
theory and material system comparisons.   Similar techniques for coherent acoustics are 
then employed to present the first known analysis of this type for IV-VI 
IV-VI semiconductor bulk material properties have been measured 
experimentally by several groups [23-25].  Research on PbSe for
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long-wavelength optical detectors has provided the following information: a 
temperature dependent band structure that has a direct gap along the <111> crystal axes 
at the L-point in reciprocal with Eg(300 K) ≈ 280 meV, a relative permittivity or 
dielectric constant, εR = 227, an absorption coefficient for 900 nm photons, α = 1 x 105 
cm-1, and an index of refraction, n = 5.0.  The material properties can be tailored to 
applications by the introduction of a small percentage, x, of elements such as strontium 
or tin to make ternary Pb1-xSrxSe [4] or Pb1-xSnxSe [26].  Figure 5-2 shows the rock-salt 
crystal structure indicating the different directional axes for these materials.  The 
ternary compound Pb0.85Sn0.15Se has smaller bandgap energy while that of Pb0.93Sr0.07Se 
is greater than that of bulk PbSe.  Researchers have clearly demonstrated the effect of 
dimensional confinement on energy levels in nanostructures such as a SL or a multiple 
quantum well (MQW). A PbSrSe/PbSe/PbSrSe MQW film oriented in the <111> 
crystal direction shows the presence of at least two quantized energy levels due to 
carriers with different effective masses [27].  PbSe has 4-fold degenerate valleys at the 
L-point in reciprocal space that separate into different oblique and longitudinal energy 
Figure 5-2: Rock salt crystal structure and directional orientation for PbSe/PbSnSe thin
film SLs. 
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levels when dimensional confinement in a <111>-oriented plane is implemented.  It is 
also well  that thi n f  leve tering 
and increases the electron lifetim
d e optoe ctron operties the quantum mech r s 
of s fo including  b m lus, or Young’s modulus p ters, used 
to  th l stiffness has en ll in tigated [28- he portance of 
the phonon energy dispersion relatio  Fi e 5 nd en f (D in 
ca ns o E fo nc r Pb om u h l ls 
dimension has been thoroughly investigated.  In the direction perpendicular to the 
 understood s qua tization o  energy ls reduces Auger scat
e. 
In ad ition to th le ic pr anical p opertie
 phonon r PbSe  the ulk odu arame
calculate e materia  be  we ves 33].  T  im
n, gur -3, a  the d sity o states OS) 
lculatio f T per rma e fo Se has been c pleted sing t eoretica  mode
such as the constant gradient approximation and spin-orbit interaction [34].  First 
principles calculations of phonon transport properties indicated the lifetime of acoustic 
phonons at 300 K is τph ≤ 100 ps with an average Λph ≈ 3 nm [35]. 
 
 
5.3 Transfer matrix method for Light Waves 
In order to understand the effect of wave transmission and reflection through an 
interface of dissimilar media Maxwell’s equations for electromagnetic waves in one 
Figure 5-3: Phonon energy dispersion for PbSe from literature [33]. 
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alternating stacks forming the superlattice of an optical DBR the wave equation for the 
optical and electro-magnetic fields in each material must match at the boundary.  The 
differential form of the equation for a photon wave is shown in Eq. 5.1.  The first order 
differential equation includes the angular frequency of the optical wave, ω, adjusted by 
 
the speed of the light in the medium, cmed = cvac/nmed.  Combined with a similar form for 
the transverse magnetic (TM) field, H with proper normalization (η0 = µ0/ε0), a linear 
set of e
tire structure on both wave equations with 
a single 2x2 matrix as shown in Eq. 5.4.  These linear numerical methods can be 
nal Instruments LabVIEW 
Version
quations governing the optical EM wave is given by Eq. 5.2.  The wave vector 
 
relation, neglecting phase, is given by k = ω/vwave and the TM equation is adjusted by 
the material’s relative magnetic permeability.  These equations can be used with the 
numerical techniques shown in [1] to define a layer propagation matrix, Pl, which can 
be used to describe the entire structure for a TM polarized optical wave, Eq. 5.3. This 
 
normalized linear equation can be applied to optical DBRs with n layers to form a 
simple equation describing the effect of the en
implemented using computer techniques such as the Natio
 2011 software development environment [36].  It has been shown in great 
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detail through analysis of these equations that when DBRs are designed for a particular 
wavelength the thickness of each layer with maximum reflectance occurs when d = 
λmedium/4 where the wavelength in the medium is that of the incoming wave in a vacuum 
 
adjusted by the index of refraction.  The overall design of a DBR mirror using two 
different material systems is shown in Figure 5-4.  These two designs are optimized for 
photons with λ  = 1 µm and show the differences in the material systems. The larger 
difference in refractive index between layers of silicon and silicon dioxide (SiO2), Δn ≈ 
56 %, compared to that between gallium arsenide (GaAs) and aluminum arsenide 
(AlAs), Δn ≈ 15 %, requires significantly fewer mirror pairs (≈ 5 < 22) to achieve the 
same total 99.9% reflectivity.  However, since SiO2 has a much lower index of 
refraction (n = 1.5) than the other materials (n ≥ 3) these layers must be thicker.  This  
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Figure 5-4: Bragg reflector design difference in materials for incident light. 
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system of linear equations can be reduced to a simple transmittance and reflectance (T = 
1-R) for photons in SLs as a function of the wave energy, wave vector, and matrix 
elements and determinants.  Figure 5-5 shows these techniques applied to calculating 
optical DBR reflectance for different materials.  In addition to a greater reflectivity at 
the design wavelength with a fewer number of mirror pairs (or total thickness) for the 
Si/SiO2 mirrors the central optical “stop-band” (Δλ) is much wider emphasizing the 
importance of contrast in the index of refraction (optical wave speed) and the EM field 
aterial. 
The design of acoustic DBRs for phonon waves cannot use the transverse 
electro-magnetic field equation in order to solve for the two unknowns (A and B) in the 
solutions of Eq. 5.2.  Therefore the governing equations for AMM theory and 
calculations [16] require conservation of the real force associated with atomic lattice 
impedance in each m
 
 
5.4 Transfer matrix method for Phonon Waves 
Figure 5-5: Calculated reflection coefficient for multiple pairs of acoustic Bragg
reflectors for phonon waves of various energy. 
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displacement in an elastic continuum or the stress, S.  Eq. 5.6 shows these equations and 
the propagation matrix for a single layer, l, describing phonon wave motion.    The 
stress is a function of the wave frequency, the material density, and phonon velocity. 
 
The latter two properties can be grouped in a single term: the acoustic impedance, η ≡ 
ρ/v .  This term is analogous to the optical index of refraction and describes the relative 
change in acoustic wave speed between two materials. Since the stress is real the
equation must be scaled by an imaginary number, i2 = -1, that results in a different form 
for the combined layer propagation matrix, shown in Eq. 5.7, compared to the 
  
optical method described previously.  The capital letters L and M represent the product 
of the wave vector, kph, and thickness, d, in either of the two material layers (l or m).  
Mizuno and Tamura simplified the system into a single equation for the reflectance of 
the entire DBR stack, Eq. 5.8, where a, b, c, and d represent different calculations on 
ately 1 THz or less.  This technique and this material system were 
subsequently employed by researchers to design and demonstrate the acoustic 
ph
 
 
the propagation matrix detailed in the paper.  This technique predicted that a GaAs-
AlAs acoustic DBR with ≈ 1 nm thick layers could be used to reflect phonons with a 
frequency approxim
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microcavity as detailed in Table 5-1.  In addition to difference in the wave function and 
normalization techniques between optical and acoustic DBRs the behavior of phonons 
The publications on AMC research contain a variety of calculations for the 
reflectance of acoustic DBRs based on the thickness of each material layer and the 
number of pairs as shown in Figure 5-6.  As with optical DBRs and the index of 
refraction, the contrast in the acoustic impedance between the two materials used for the 
mirror layers determines both the maximum reflectance and the stop-band width.  As 
also shown these structures exhibit enhanced reflectance for waves with an energy that 
are integer multiples of the lowest, E = nE . The AlAs/GaAs materials have a difference 
Δη ≈ 15% [?] and ACM devices have been fabricated with mirrors having 20 or fewer 
pairs.  Since these materials have similar crystal structure they can be fabricated on one 
and solutions of the previous equations shown reflectance is maximized when each 
layer thickness is designed with the relationship, dlayer = λph/2. 
 
5.4.1 Reflection Coefficient, Filtering, and Design Considerations 
0
Figure 5-6: Calculated reflection coefficient for different thickness AlAs/GaAs
acoustic DBRs. 
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another using a variety of techniques and therefore no one has reported on the use of 
ternary materials since the difference in η between layers would be reduced requiring an 
overall thicker device with a more narrow energy range reflected.  Figure 5-7 shows the 
combination of two different SLs with a different layer thickness fabricated on top of 
each other to form a composite mirror capable of reflecting multiple energies.  It should  
 
 
5.4.2 PbSe/PbSnSe Material Modeling 
Using the material parameters of Table 5-1 to calculate the acoustic impedance 
mismatch between the layer
also be noted that e i ha nced 
reflectance at integer multiples of each design frequency, and two or SLs reflect a more 
broad range of the phonon spectrum and create a denser “comb” filter that blocks a 
greater perc t pe e
s of a PbSe/Pb0.85Sn0.15Se SL the difference is relatively 
small (Δη ≈ 4%).  Figure 5-8 shows the difference in the lowest energy reflectance for 
two different acoustic DBR thicknesses of PbSe/PbSnSe.  The thicker 2.4 nm layers 
have a lower energy reflection peak while the 1.2 nm layers reflects a wave energy 
ach SL type w th a different thickness continues to ve enha
entage of the to al s ctral power d nsity. 
Figure 5-7: Diagram of a single film with a combination of multiple acoustic DBRs
with different layer thickness and the calculated reflectance. 
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twice as large with a wider energy peak. Figure 5-9 shows the lowest energy with 
maximum reflectance as a function of mirror layer thickness. These energies are shifted      
for similar thickness layers compared to the theoretical calculations of GaAs/AlAs DBR 
systems where the materials are less dense and the phonon velocity is slightly larger.  It 
should be noted that in these calculations both film layers were the same, not following 
the λ/2 design principle requires a 10 % thicker PbSnSe layer in order to maximize the 
 
Figure 5-9: The lowest energy phonon waves with a non-zero reflectance maximum for
PbSe/PbSnSe acoustic DBR layer thickness. 
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Figure 5-8: Calculated reflectance at the lowest energy for two different thickness
layers for PbSe/PbSnSe acoustic Bragg reflectors. 
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reflectance.  This non-ideal design creates a slight anti-symmetry in the reflectance peak 
shape with a decreased magnitude on the low energy side of the peak center.  Figure 
 
 
5-10 shows the maximum reflectance for the lowest energy phonon for a varying 
number of SL pairs.  For nearly all mirror designs the number of pairs required was 
greater than 50 to achieve 90 % reflectance while more than 150 DBR pairs has a 
reflectance above 99.9 %.  As would be expected this ternary material system SL 
requires a significantly larger number of pairs than the GaAs/AlAs AMC devices due to 
a lower contrast in acoustic impedance. 
.5 Theory of Heat Transport in Phonons 
due to potential 
applica
5
The economic and social importance of TE materials is largely 
tions in “green” energy production using a solid-state device.  In order to 
compete on a “cost-per-Watt” basis with current fossil-fuel technology efficient 
conversion of the energy associated with light in photovoltaic cells and a temperature 
differential in Peltier devices must be increased [37].  Historical reviews of heat 
Figure 5-10: The number of mirror pairs and reflectivity of acoustic DBRs o
PbSe/PbSnSe with 0.5 nm layers. 
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transport theory and the various mechanisms involved in thin film TE performance are 
readily available in the literature [38].  The most common engineering approach to 
improving the thermopower figure of merit, ZT =T (S2σ)/(klat +ke), in nano-structured 
materials is through reduction of klat by increased phonon scattering that lowers τph 
effectively limiting Λph with the “size effect”.  Most scattering mechanisms typically 
this theory have been observed by Androulakis et al [39] who suggested klat for highly 
doped PbSe was also due to optical phonon interaction with excited electronic carriers.  
At lower temperatures the term phonon “freeze-out” is used to describe a decrease in 
the total free particle population at higher energies.  However this apparent reduction of 
phonons for thermal transport is offset by less phonon-phonon scattering that increases 
τph and the mean free-path that phonons travel before scattering.  Therefore the thermal 
conductivity in bulk PbSe increases dramatically (100X) as the material temperature is 
lowered from 300 K down to 20 K [28].  To date most published results from SL films 
[38, 40] have shown this increase of klat does not o
have an energy dependence resulting in limited effects on long-wavelength phonons.  
However the most well accepted heat transport theory from the Debye-Peirls and 
Callaway models of particle behavior attributes thermal conductivity to these same low 
energy acoustic branch phonons with long mean free paths.  Figure 5-11 shows the ab 
initio calculated phonon DOS for PbSe from [33].  This function is convolved with the 
Bose-Einstein distribution to determine the occupation probability of phonons at a 
particular energy.  These models are typically verified by measuring the temperature 
ccur at lower temperatures and 
optimized TE materials have thin SL layers. 
dependence of thermal conductivity.  Above room temperature (≥ 300 K) anomalies in 
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 5.5.1 hermal Conductivity Measurements for SLs 
 acoustic nano-structure designs of several 
PbSe/P
 
Figure 5-11: Calculated phonon DOS for PbSe from [33]. 
 
T
Figure 5-12 shows the optical and
bSrSe MQW and PbSe/PbSnSe SL thin films fabricated by molecular beam 
epitaxy (MBE) on silicon wafers using techniques detailed previously in the literature 
[27].  The films shown contain several structural differences including the average SL 
layer thickness (davg), the maximum SL layer thickness (dmax), and the number of 
 M207
Figure 5-12: Comparison of SL films fabricated and characterized with different layer
thickness and number of pairs. 
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multiple SL layer thickness (SLx) fabricated in a single structure.  These films were 
characterized over a broad temperature range in Chapter 4 and Figure 5-13 shows the 
calculated lattice thermal conductivity of these films shown at 250 K. Carrier doped SL 
film #M168 and similarly fabricated but un-doped SL films #M211-M214 exhibited a 
reduced klat ∝ 1/davg compared to bulk PbSe (film #M141) at all temperatures.  It should 
be noted that film #M168 exhibited a much higher ktot during thermal characterization 
that was attributed to the electronic transport component and a different electronic 
carrier concentration.  Since the total phonon lifetime is a statistical combination of 
 effects of a single type of scattering 
(diffuse or acoustic) with the experiments used.  However, these SL films also possess 
the properties of acoustic DBRs that mathematically results in coherent effects and 
enhanced reflectance of phonons within a limited range of energies.  While there may 
not be a real-world physical effect on low energy phonons there is likely a limited effect 
on higher energy acoustic phonons and the optical branches.  However, the general 
 
different mechanisms it is impossible to isolate the
Figure 5-13: Lattice thermal conductivity calculated from PL measurements for
different SL films at 250 K and 100 K. 
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DBR principles discussed indicate multiple SLs films should enhance total phonon 
scattering across a wide energy range of the phonon DOS and films with thicker SL 
pairs should reflect a greater percentage of lower energy acoustic branch phonons.   
 
5.5.2 Discussion of Thermal Characterization and Acoustic Reflection 
The SL structural designs for the different thin films tested for this research are 
summarized in Table 5-2 and detailed in Appendix B.  The SL films had three, five, or 
seven different layer thicknesses with each type having a different number of pairs in 
order to maintain a similar total film thickness for direct comparison of the data 
acquired in the measurement technique used.  All films possessed a nominally similar 
 nm, while the thickest SL had layers dmax = 5.0 nm.
ince the crystal structure of these materials is intertwined single element simple cubic 
rse <111> direction for these films is 
approx
thinnest SL layer, dmin = 1.0 ± 0.5   
S
the distance between atomic planes in the transve
imately 1.3 Å.  Therefore the thinnest layers that were fabricated, dmin = 0.5 nm, 
were ≈ 2-3 atomic monolayers while the thickest SL layer was 30 atomic layers.  All 
films had symmetrically thick layers in the SL pairs (d1 = d2).  Films #M211 and #M212 
both have the same number of SLs (5) but a different combination of SL layer 
thicknesses resulting in a different average layer thickness.  Films #M213 and #M214 
were designed with an average layer thickness similar to a corresponding SL5 film but 
with more layer thicknesses (7) that limited each SL type to fewer pairs and a lower 
reflectivity for each mirror.  Figure 5-14 shows the different low energy reflectance 
peaks calculated for several of the films analyzed.  Films #M211 and #M214 with the 
thicker maximum SL layers would theoretically exhibit coherent reflection for lower 
energy phonons in the acoustic branches while having a nearly identical high energy 
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 reflectance due to similar minimum thickness layers compared to film #M212.  
However the thicker SL layer design resulted in fewer mirror pairs and a reduced 
reflectance as shown in Figure 5-15.  The trade-off between these two factors results in 
a nearly identical expected improvement in klat from coherent effects on acoustic 
phonons.  This was calculated by numerically integrating the reflectance across the 
ntire phonon energy spectrum and neglecting the DOS for PbSe.    All films tested and 
analyzed had a predicted coherent enhancement from reflection of phonon waves up to 
50 meV using a distributed Bragg structure between Rmax = 9.0 % and Rmin = 7.8 % for 
e
Figure 5-14: Comparison of the phonon energy reflected by the different SL layer
thicknesses for films #M211 and #M212. 
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Table 5-2: SL layer thickness estimated from design and total sample thickness. 
Film 
ID # 
SL1 SL2 SL3 SL4 SL5 SL6 SL7 Avg. 
. 
nm 
Thick
nm # nm # nm # nm # nm # nm # nm # 
M168 1.2 250 1.8 167 2.4 125  1.65 
M211 1.1 150 2.2 75 3.4 50 4.5 38 5.6 30  2.45 
M212 0.6 300 1.1 150 1.7 100 2.3 75 2.8 60  1.24 
M213 0.6 200 0.8 133 1.1 100 1.4 80 1.7 67 1.9 57 2.2 50 1.13 
M214 1.9 67 2.2 57 2.5 50 2.8 44 3.1 40 3.4 36 3.7 33 2.64 
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films #M214 and #M212 respectively.  This value increased slightly for SL films with 
ph ≤ 10 meV).  However at the 
testing 
between films in the tested temperature range is estimated to be less than 0.01 %.  
However at significantly higher (700 K) or lower (10 K) temperatures when the phonon 
DOS distorts the differences in acoustic reflection could become apparent. 
 
thicker layers in the low energy acoustic phonon range (E
temperatures and with the calculated measurement noise level, see Chapter 2 and 
the error bars of Figure 5-13, a difference of ≈ 1 % could not be detected in the data.  In 
addition since diffuse scattering clearly dominates thermal transport (τdif << τcoh) in 
these structures and coherent effects would only constitute a small portion of the 
reduction in total phonon lifetime.  Therefore the total expected difference in klat 
 
5.6 Summary and Conclusions 
The first analysis of acoustic distributed Bragg reflectors using ternary IV-VI 
semiconductors was presented.  The well accepted diffuse mismatch model predicts all 
Figure 5-15: Comparison of the reflectance for the different SL layer thicknesses for
films #M211 and #M212. 
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phonons are scattered at material interfaces due to difference in crystal structure.  This 
has led to the development of novel nano-structured SL material with thin layers and a 
reduced lattice thermal conductivity.  An additional coherent effect on phonon motion 
in SL films has been widely discussed in the literature as a potential design route for 
both optimizing ZT in composite TE materials or enhancing device capabilities such as 
lower/higher temperature operation.  Multiple researchers have experimentally 
demonstrated acoustic micro-cavities using several material systems to fabricate 
were reviewed to establish the engineering design considerations for maximizing DBR 
reflectance while minimizing film thickness.  These results were compared to the 
acoustic mismatch model for calculating acoustic DBRs to reflect phonon waves in
acoustic DBRs capable of reflecting high energy zone center phonons.  However it still 
remains unclear whether low energy acoustic phonons are affected by these periodic 
structures with a thickness much smaller than the phonon wavelength. 
The different acoustic material parameters necessary for designing 
PbSe/Pb0.85Sn0.15Se SL structures were provided and compared to the more well 
developed material systems such as GaAs/AlAs.  A numerical method using linear 
solutions to wave equations developed in the literature as a generic approach for 
calculating electron transmission through SL films was adapted to calculate photon 
 SL 
layers thinner than 5 nm and up to 300 mirror pairs.  These calculations indicated that at 
transmission.  The energy dependent reflectance plots of different thickness SL layers 
least 150 mirror pairs were necessary to achieve 99.9% reflectivity. 
These principles were applied to analysis of several MBE grown thin films 
fabricated with complex optical and acoustic structures for thermoelectric property 
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characterization.  The temperature dependence of bulk nanostructured IV-VI 
semiconductor thermal conductivity investigated with a PL induced heating effect 
experiment previously showed a linear relationship with respect to average SL layer 
thickness.  Additionally these film designs were crafted to have different coherent 
phonon effects and reflect different amounts of the total phonon energy spectrum by 
altering the layer thickness, the number of different layer thickness types, and the 
number of SL pairs in each film.  Calculations predicted all films reflected between 8 % 
and 9 % of the total phonon energy range.  However in the tested temperature range 
(100 K to 350 K) the average phonon mean free path is less than 10 nm and these 
acoustic structures would have limited effect compared to diffuse properties. 
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Chapter 6 
Summary and Future Investigations 
 
esults 
This dissertation described research on the measurement, and analysis of the 
solid 
ws the 
first experimental measurements of cross-plane lattice thermal conductivity in 
e 
temperature range from 100 K to 300 K.  The results show that the lattice thermal 
 bulk 
6.1 Summary of R
thermal conductivity of IV-VI semiconductor nanostructures for high-performance 
state thermoelectric power generation and refrigeration devices.  Figure 6-1 sho
superlattice (SL) material composed of PbSe and Pb0.85Sn0.15Se layers in th
conductivity, klat, of nanostructured materials is much lower than the values for
Figure 6-1: Lattice thermal conductivity of nanostructured thin films fabricated and
characterized in this research compared to film #M141 with a single layer of PbSe. 
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PbSe.  Diffuse interface scattering of phonons is believed to be responsible for this 
effect [1-4].  This conclusion is based on the measurements of samples from five 
ion of 
 which was fabricated with 654 SL layers 
f k 
 
0.45 ± 
us 
-1 -1
n be combined with 
S2σT/k.  
S, for these materials was estimated using published reports 
n doping 
levels.  Sample #M212, with σ  ≈ 3.5 x 10  S/m and σ  ≈ 4 x 10  S/m, had an 
an 
18
300 K is ZT = 0.4 [5, 8].  This nearly 3X improvement in the figure of 
als 
-VI 
different SL materials that indicated the lattice thermal conductivity was a funct
the average SL layer thickness.  Film #M214,
in 1.72 µm of material (davg = 2.64 nm), had the highest lattice thermal conductivity o
= 1.2 ± 0.2 Wm-1K-1.  Film #M213, which was fabricated with 1374 SL layers in 1.56
µm of material (davg = 1.13 nm), had the lowest lattice thermal conductivity of 
0.1 Wm-1K-1.  The lowest possible thermal conductivity for IV-VI material, amorpho
PbSe is estimated to be 0.35 Wm K  [5]. 
The thermal conductivity data obtained in this research ca
low temperature Hall effect characterization of electrical conductivity, σ, and estimates 
for the Seebeck coefficient to calculate the thermoelectric figure of merit, ZT = 
The Seebeck coefficient, 
for similar materials.  Values range between 100-200 µV/K [6, 7] depending o
3 4
300K 100K
estimated ZT300K = 0.09 and ZT100K = 0.08.  Intentionally doped SL film #M168, with 
estimated electron concentration n ≈ 6 x 10  that was measured in a similarly grown 
film, had ZT300K = 1.2 and ZT100K = 0.21.  The highest reported value for optimized bulk 
PbSe materials at 
merit justifies effort for development of thermoelectric modules fabricated from IV-VI 
semiconductor nanostructures. 
Chapter 1 described energy transport in nanostructured solid state materi
using a mixed quantum and macro physics approach.  The chemical properties of IV
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semiconductors were then reviewed to outline the molecular beam epitaxy (MBE) 
fabrication of composite PbSe, PbSrSe, and PbSnSe films approximately 5 µm thick 
ext described the growth 
 
arrier dopant concentration and optical multiple quantum well (MQW) 
ffraction (XRD), and the Hall effect. 
n 
nductivity.  This included measuring photoluminescence (PL) 
 a 1.4 eV 
diode laser with manually controlled focus and total power up 4-Watt to stimulate PL in 
ed by 
 
cribed the techniques used to extract thermal 
 
re 
with SL nanostructure layers as thin as 1 nm.  This chapter n
techniques used to fabricate more than 100 thin films with different material properties
including c
structures.  The films were characterized with multiple techniques including scanning 
electron microscopy (SEM), X-ray di
Chapter 2 outlined a novel, non-contact characterization technique to obtai
cross-plane thermal co
spectra from IV-VI semiconductor material at heatsink temperatures from 290 K to 330 
K with different amounts of incident optical power.  The system employed
both bulk PbSe and PbSe/PbSrSe MQW materials.  The procedure was optimiz
analyzing more than 10,000 individual data points that were collected with custom
automated testing software.  Chapter 3 des
conductivity from these data by analyzing the “blue-shift” of the measured PL emission
for different optical powers.  The magnitude of the PL blue-shift, which is proportional 
to the magnitude of the temperature increase, was determined using custom softwa
that employed advance digital filters and curve-fitting.  Finite element (FE) thermal 
modeling was then used to obtain thermal conductivity from the temperature increase 
data for the different materials tested. 
Chapter 4 contains measurements of electrical and thermal conductivity for 
different materials at heatsink temperatures as low as 90 K.  PL data collection and 
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accuracy were optimized with custom software that implemented an adaptive
dependent proportional, integral, and de
 zone-
rivative (PID) control algorithm to rapidly 
cal layers 
nz 
orentz number that was calculated from the measured carrier concentrations. 
Chapter 5 applies acoustic wave theory to the analysis of lattice thermal 
conductivity of PbSe/PbSnSe SL materials.  The chapter details a numerical method to 
calculate the potential effect on phonons from acoustic distributed Bragg reflectors 
(aDBRs) using the acoustic mismatch model (AMM) [9].  Finally, the magnitude of 
aDBR reflection as a mechanism for reducing klat was compared to diffuse phonon 
scattering [10, 11] and discussed as a function of material temperature and the phonon 
energy distribution. 
 
6.1.1 PL Characterization and Thermal Modeling 
The experimental design and numerical techniques presented for measuring 
thermal conductivity in PbSe, PbSrSe, and PbSnSe materials grown on industry 
standard silicon substrates using laser induced PL spectra represents a significant 
contribution to science.  This technique that had been used previously to estimate 
differences in optical heating based on material mounting [12] and the wavelength of 
the PL pump laser [13] was optimized through an iterative, data intensive process.  The 
most important experimental technique developed was the use of eutectic indium 
gallium (EGaIn) for bonding material samples to a temperature controlled heatsink with 
change the heatsink temperature.  Material samples with similar MQW opti
but different SL designs exhibited clear differences in the magnitude of the blue-shift of 
PL spectra for increased optical power.  The lattice and carrier components of the total 
thermal conductivity for different materials were estimated using the Wiedemann-Fra
law and a L
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a low thermal contact resistance (TCR rial was used to easily bond samples 
to a copper sub-mou rface with precision 
ontrol.  This technique was more simple and repeatable than using pure indium that 
 and requires a hot-plate or similar heating mechanism.  
Experim
designed and executed to manipulate the surface area illuminated by the PL pump laser.  
The lens used to focus the collimated infrared beam generated by the fiber optic laser 
was displaced in 2 mm steps along the optical axis that increased the full-width at half-
maximum (FWHM) of the optical power distribution by approximately 80 µm.  Sample 
#M168 heated 12 K/Watt for the most focused PL laser signal that was twice as large as 
film #M141.  When the optical lens was defocused 2 mm from the optimum distance 
from the sample surface the heating effect for #M168 decreased more than 35% and the 
difference between this sample and sample #M141 decreased to 4 K/W. 
In addition to mechanical procedures, this research outlined several advanced 
digital signal processing (DSP) techniques for more accurate analysis of the PL spectra 
from different material samples.  The DSP steps included a zero-phase infinite impulse 
).  This mate
nt at room temperature on a standard work su
c
has a melting point of 156 °C
ental results from different samples of the same semiconductor material 
mounted with different bonding materials showed EGaIn had a lower TCR than both 
double-sided tape and black wax.  Analysis of the same group of semiconductor 
materials over a three year period showed a minimum time of 24 hours to establish the 
lowest TCR sample mounting with EGaIn. 
A second significant source of variation in the heating effect during PL 
experiments, optical alignment, was quantified in this research.  An experiment was 
response (IIR) smoothing filter, calculations to remove optical artifacts including open-
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air molecular absorption, and PL peak emission fitting using an exponentially modified 
Gaussian (EMG) function with a non-linear Levenberg-Marquardt routine.  The IIR 
smoothing filter implemented had a significantly lower group delay than traditional 
low-pass filters.  The EMG fit was essential in reducing the effect of optical cavity 
fringes on the calculation of the PL peak maximum.  Results from more than 90 tests on 
a single film sample showed the minimum measurement noise was ± 1 K.  Figure 6-2 
shows an SEM image of single crystal PbSe film #M199 with the results for optical 
heating measured in additional PbSe films with varying thickness.  The data, which are 
an average of three experiments for each sample at 300 K, illustrates the precision of the 
procedu
 
re that was developed.  The trend line indicates a small difference in optical 
heating between samples with a difference in thickness less than 1 µm.  The analysis of 
PL spectra also agreed with pyrometry calculations of optical heating using the low 
energy blackbody power emitted by these materials during PL characterization.   PL and 
Figure 6-2: a) SEM image of approximately 4 µm thick PbSe film #M199 and b) the
optical heating effect calculated from measurements of the blue-shift in PL energy for
PbSe films with similar thickness. 
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blackbody calculations indicated SL samples #M168 and #M207 heated at a rate of 12 
K/Watt while sample #M141 with a 1.5 µm layer of PbSe heated at a rate of 10 K/Watt. 
The experimental results of a PL emission blue shift and therefore a temperature 
increase for a given amount of optical power were used with FE analysis software to 
calculate the cross-plane thermal conductivity of individual films.  The FE model was 
developed using published reports of the optical absorption coefficient [14], the time-
scale for exciton thermalization [15], and carrier behavior in MQW structures [16].  
Based o
mples with similar SL layer thicknesses.  Figure 
6-3 a) s
temperatures.  Figure 6-3 b) shows the electrical conductivity calculated from Hall 
n these data the FE model restricted all heat generation to within 500 nm of the 
material surface.  The thermal conductivity of the SL region of the model was then 
adjusted until the average lattice temperature of the MQW material matched the 
temperature increase measured in the PL emission blue-shift.  Nanostructured SL 
samples #M168 and #M207 had a total thermal conductivity ktot ≈ 1 Wm-1K-1 at 300 K, 
half that for film #M141 with a single layer of PbSe and ktot = 2 Wm-1K-1. 
 
6.1.2 Thermal and Electrical Material Properties 
The focus of this research was the lattice thermal conductivity of nanostructures; 
however, this property cannot be measured independently from the electronic thermal 
conductivity, ke.  The PL technique used, as with all measurements of thermal 
conductivity [17, 18], assesses the total thermal conductivity of samples, ktot = klat + ke.  
Figure 6-3 shows the variation in total thermal conductivity and electrical conductivity 
as a function of temperature for two sa
hows the total thermal conductivity for sample #M168 increases to 2.2 Wm-1K-1 
when the material is cooled to 100 K and sample #M211 has ktot ≈ 1.1 Wm-1K-1 at all 
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effect measurements for sample #M211 and sample #M103 that was fabricated similar 
to sample #M168.  Sample #M211 had a p-type carrier concentration np ≈ 4 x 1017 cm-3 
at 300 K.  Sample #M103 was intentionally doped with bismuth to be n-type with a 
carrier concentration of ne ≈ 6 x 1018 cm-3, similar to the value expected for the SL 
region of sample #M168.  However, Hall effect measurements of sample #M168 were 
inaccurate because the MQW region was not doped with bismuth and therefore formed 
a pn-junction approximately 1 µm below the surface. 
 
The difference in total thermal conductivity between the two samples correlates 
with the difference in electrical conductivity.  The magnitude of ke in semiconductors 
can be calculated from the electrical conductivity and the Lorentz number using the 
Wiedemann-Franz law, ke = L0σT.  For semiconductors L0 is replaced by a reduced 
Lorentz number (LR ≤ L0) that is proportional to the carrier concentration and mobility.  
Different theories for calculating LR from the band structure of PbSe have been 
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Figure 6-3: The temperature dependent measurement of a) the total thermal
conductivity and b) electrical conductivity for two nanostructures with different carrier
concentrations. 
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investigated with various doping concentrations [19].   The results indicated that LR ≥ 
0.8L0 at 300 K, and this value increases at lower temperatures. Therefore the electronic 
thermal conductivity of sample #M168 would theoretically increase 0.8 Wm-1K-1 from 
250 K to 100 K that matches the measured change in total thermal conductivity.  The 
electronic thermal conductivity of sample #M211 would only increase 0.07 Wm-1K-1 
and would result in a change in optical heating below the measurement noise. 
 
6.1.3 Nanostructure Engineering Design 
The final significant contribution to science presented in this dissertation was 
conclus
 dominated by 
Umklap
ive evidence of the SL layer thickness required to alter lattice thermal 
conductivity.  Previous experimental data for PbTe nanoparticle SLs have shown no 
significant reduction in thermal conductivity, or the corresponding improvement in ZT, 
for material with SL layers thicker than 5 nm [7, 11].  These results are consistent with 
theoretical calculations of the phonon properties for PbSe [10] that led the authors to 
conclude that SL “layers must be less than 10 nm thick” to affect the lattice thermal 
conductivity at 300 K.  However, the numerical results indicated that the phonon 
lifetime was approximately τ = 1 picosecond and the average phonon velocity was v = 3 
km/second that corresponds to a phonon mean free path, Λ ≡ τv = 3 nm.  Since the total 
phonon lifetime is a combination of multiple physical processes and is
p scattering for bulk materials [20] the increase in boundary scattering for SL 
material must be significant to further reduce Λ.  The magnitude of boundary scattering 
can be calculated using the difference in acoustic impedance for the different materials 
and the individual layer thickness [10].  Therefore SL material with the thinnest layers 
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would have the lowest lattice thermal conductivity.  The samples analyzed in this 
research all had an average layer thickness less than 3 nm.  Figure 6-4 shows lattice 
thermal conductivity as a function of average layer thickness for different samples with 
similar electrical conductivity at both 250 K and 100 K.  None of the films tested 
exhibited any significant temperature dependence for the thermal conductivity that is 
consistent with a constant phonon mean free path.  Since Umklapp scattering is 
proportional to temperature another mechanism is holding the phonon lifetime constant. 
 
In addition to diffuse boundary scattering, phonon waves are susceptible to 
reflection from aDBR structures.  The SL films analyzed in this research were designed 
with multiple periods or thicknesses that had the potential to reflect different phonon 
energies and further reduce lattice thermal conductivity.  Sample #M168 had three 
different SL periods: 0.6 nm, 1.2 nm, and 1.8 nm with an average layer thickness of 1.4 
.  However, no experimental results indicated any 
nm.  Sample #M211 had seven different SL periods between 0.5 nm and 2.5 nm with an 
average layer thickness of 1.2 nm
Figure 6-4: Thermal conductivity for different SL samples plotted as a function of the
average layer thickness at 100 K and 250 K. 
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difference in thermal conductivity measurements for films other than electrical 
conductivity and the average SL layer thickness.  The AMM model used to calculate the 
affect o
d n TE power 
generation from waste heat recovery.  Research on TE materials at lower temperatures 
 1 at 400 K [24].  A significant 
applica
f the aDBR structures for the different SL samples indicated that 60 pairs of 
alternating layers were needed for 90 % reflectance.  Therefore the thinnest SL layers, 
which were ≈ 0.5 nm, would require an aDBR structure with a total thickness 
significantly greater than the phonon mean free path for the temperature range tested. 
 
6.2 Recommendations for Future Research 
This research contains the first reported measurements and calculations of the 
thermoelectric properties of nanostructured IV-VI semiconductors from 100 K to 300 
K.  Most published research on similar materials has focused on the temperature range 
from 300 K to 1000 K [21-23].  This is due to the behavior of bulk materials PbTe and 
PbSe that have a maximum ZT ≈ 1 above 700 K an  applications i
has shown that BixSb2-xTe3 has a maximum bulk ZT ≈
tion of TE materials in this temperature range is for refrigeration devices to 
lower the operating temperature of infrared detectors and lasers.  Currently TE 
refrigeration devices fabricated from bulk materials with ZT < 0.5 are commercially 
available but are limited to reducing the temperature of electronics to approximately 
200 K using 4-6 cooling stages stacked upon each other [25].   The IV-VI 
semiconductor nanostructured materials analyzed in this research, in particular sample 
#M168 with a calculated ZT = 1.2 at 300 K, greater than bulk BiSbTe, could be used to 
fabricate a standard TE “unipole” module as shown in Figure 6-5.  This common 
structure has two “legs” that are constructed from materials with a different majority 
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carrier type: p and n that are connected on one end with a metallic conductor.  Multiple 
unipoles operating in parallel can be assembled between two ceramic plates providing 
the device a mechanically sturdy surface to contact the hot and cold objects.   The 
theoretical efficiency of a TE module has been calculated by different methods [25].   A 
TE refrigeration module with ZT = 1.2 could achieve a temperature differential of 80 K.  
However, real TE devices are affected by parasitic wire bonding resistances and other 
factors that reduce efficiency and therefore further research is needed. 
 
In addition to room-temperature multipurpose TE refrigeration modules research 
on complex device designs with mid-IR PbSe detectors integrated on SL material could 
be attempted.  Mid-IR HgCdTe detectors operating at temperatures below 100 K have 
been used extensively for gas phase spectroscopy [26] and were used to detect PL 
Figure 6-5: Standard TE module design taken from reference [25] using multiple
unipoles operating in parallel between two ceramic plates. 
during this research performance.  The performance of these devices as with PbSe 
detectors increases dramatically at lower temperatures [27].  However, the TE 
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properties of PbSe at low temperatures as shown in this dissertation could enable a 
device to be constructed similar to Figure 6-6 that could achieve a lower heatsink  
temperature than current solid state cooling devices.  This monolithic device structure 
could be fabricated using multiple steps of photolithography and etching. 
 
 
 
6.2.1 Additional Experiment Optimization 
The experimental techniques used to acquire and analyze PL data were 
optimized throughout this research; however, the testing apparatus and equipment could 
be improved.  In particular a system could be designed that would not have molecular 
filter this effect.  Absorption of the infrared optical signal by gaseous carbon dioxide 
and water could be significantly reduced by performing experiments in either a vacuum 
or a purge gas.  Preliminary experiments purging the interior of the Fourier transform 
absorption affecting the PL spectra that would eliminate the need for custom software to 
Figure 6-6: Prototype design for a mid-IR detector integrated on a PbSe/PbSnSe SL
Thermoelectric 
material for TE cooling. 
SL layers 
Insulating Layer: CaF2 
TE Electrical 
Contact #1 
Contact #2 
TE Electrical Detector: p-type PbSe 
Detector: n-type PbSe 
Detector Electrical 
Contact #2 
ectrical 
Contact #1 
Detector El
Mid-IR Photons
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infrared (FTIR) spectrometer with a constant flow of ultra high purity nitrogen reduced 
the amplitude of the CO2 absorption feature at 280 meV by nearly 50%.  However the 
length of experiments and the flow rate of nitrogen required quickly depleted the gas 
supply and the continued expense would be impractical.  In addition, a large portion of 
the optical path occurs outside of the FTIR so a significant amount of absorption would 
still occur.  However, if the entire optical system were enclosed by a hermetically sealed 
chamber with an electrical feed-through a vacuum pump could be used to perform 
experiments at a reduced pressure. 
The PL system with a thermoelectric module to maintain the sample heatsink 
temperature described in Chapter 2 could be improved by confining the mount in a 
vacuum chamber or cryostat with infrared transparent windows.  The system was 
operated from 290 K up to 330 K, but was also capable of operating below room 
temperature.  However, condensation formed on the sample surface when the heatsink 
temperature was reduced below 290 K and damaged the sample.  If both the sample and 
TE module were confined in a vacuum or nitrogen environment, similar to the low 
eatsink temperature control apparatus in a
cryosta
temperature cryostat described in Chapter 4, the test range could be increased more than 
2X.  In addition to confining the sample and h  
t the PL pump laser should also be located in the vacuum chamber. 
The accuracy of the thermal modeling in this research could be improved with 
use of three-dimensional FE analysis software designed specifically for nanostructure 
simulations.  An FE model developed using Solid Works thermal analysis package is 
shown in Figure 6-7.  The results presented were obtained with software that used a 
two-dimensional model and calculated the third dimension as either an infinite plane or 
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by revolving the model around a fixed axis.  Treating the 2D model as a circularly 
symmetric cross-section generated slightly different results than the infinite plane 
approach and is more representative of the actual heat distribution that occurs when the 
PL beam is focused on the sample surface.  However, since the PL laser beam is at an 
angle with respect to the surface the heat distribution is not symmetric and forms an 
ellipse on the surface this could be more accurately represented in a 3D model.  The 
ommercial software package shown was not used because of significant problems that 
large scale differences in sample 
thickne
requirements of these nanostructure experiments may require custom FE analysis 
c
occurred when simulating nanostructures.  The 
ss, less than 5 µm, compared the in-plane dimensions, ≈ 1 cm, caused the 
software to “crash” and routinely provide false results.  In addition this software did not 
allow the heat source to be modeled as function of spatial coordinates.  The extreme 
 
Figure 6-7: Three-dimensional thermal modeling software for PL characterization
analysis that shows localized heating immediately beneath the pump laser. 
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software for the most accurate calculations.  In addition to improved accuracy custom 
FE software would enable heat transport to be calculated using probabilistic quantum 
behavior such as Monte Carlo modeling. 
 
6.2.2 Evidence of Phonon Reflection 
While this research did not demonstrate clear evidence for phonon reflection 
affects the theoretical possibility of reflecting low energy acoustic phonons should be 
investigated further.  The possibility of altering bulk thermal conductivity through 
reflection of phonons using periodic structures has been discussed in the literature for 
more than 20 years [28].  To date no experimental evidence of this effect has been 
observed [3], and the magnitude of reflection may be insignificant compared to phonon 
scattering as shown in Chapter 5.  However, the precise control and calculations of 
reflection compared to the random probability of scattering has led to continued 
research on new approaches and materials [29].  Therefore, demonstration of phonon 
reflection in low thermal conductivity nanostructures would be a significant 
experimental and theoretical accomplishment. 
to occur:  measurement of thermal conductivity at lower temperatures and additional SL 
film designs.  Since the aDBR structures must be must be a minimum of 60 nm thick for 
90 % reflectance the material temperature must be low enough for the bulk phonon 
mean free path to be increased to this distance.  This could be accomplished with a 
liquid helium compressor and cryostat that can achieve a temperature as low as 4 K.  
However, the PL intensity from the MQW samples tested would not be sufficient at this 
Two modifications of the research presented in this dissertation may enable this 
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temperature for these types of thermal conductivity measurements and another 
technique such as thermoreflectance [18] would have to be used. 
In addition to lower temperature measurements a different SL design may be 
necessary to isolate phonon reflection and scattering effects.  The tested samples were 
fabricated for maxim  electrical conductivity using a design commonly 
referred to as a graded superlattice [30].  The SL structures had 3, 5, and 7 different 
layer thicknesses however ktot was only a function of the average layer thickness.  Sin
all samples wo ilar percentage of the phonon energy 
spectrum, betwe mpossible to disting them.  
Therefore a sam of SL layers with different thicknesses 
could be compared to a regular SL design as shown in Figure 6-8.  Both film designs 
have a similar average nanostructure layer thickness but the rand film 
would reflect less than 1 % of the phonon energy spectrum as calculated by the AMM 
concentrations of tin in the ternary layers of the SL could be compared.   An increased 
um cross-plane
ce 
uld theoretically reflect a sim
en 7% and 9%, it would be i uish between 
ple with a random distribution 
omly arranged 
technique.  In addition to randomly arranged nanostructures samples with different 
Figure 6-8: SL film designs with the same average layer thickness but significantly
different periodicity. 
12 evenly 
spaced 
SL layers 
12 
spaced SL 
layers 
randomly 
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tin concentration in the SL layers would increase both the difference in material 
stiffness (ΔC) and the acoustic impedance mismatch (Δη). 
 
6.2.3 New Characterization Techniques 
The electronic material characterization of the films presented during this 
research used standard four-probe geometry to assess the Hall resistance in a varying 
magnetic field that is then normalized to the cross-plane thickness.  These results were 
used to calculate both the electronic thermal conductivity and ZT at various 
temperatures for the different samples.  However, this number may not represent the 
actual cross-plane electrical conductivity of the SL films as illustrated by Figure 6-9.  
The SL layers have different electrical properties that create band-edge discontinuities 
and form “barriers” that may impede carrier movement in the cross-plane direction.  
However, these same periodic structures create discrete confined energy levels within 
the quantum well that reduces the potential for phonon scattering and increases excited 
Indium contacts for 
voltage measurement 
1
Superlattice 
layers 
2 4
Indium 
current supply 
contacts for 3
1 2
Indium contacts for 
voltage measurement 
3 4
Indium contacts for 
Figure 6-9: Cross-plane electrical conductivity apparatus design and prototype for thin
films bonded to copper bars. 
current supply 
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carrier lifetime.  Therefore the electrical conductivity should be measured across the 
periodic structure with electrical contacts on the top and bottom layers of the SL. 
The single optical beam PL measurement employed in this research was 
sufficient to assess differences in optical heating for the IV-VI semiconductor samples 
tested.  The technique used a single numerical value for the blue-shift of the PL 
spectrum energy with maximum intensity as a representation of the average temperature 
change from the entire volume of material emitting PL.  However, the FE model results 
show that the temperature of this volume of material varies both as a function of depth 
from the surface and in-plane as shown by the isotherm plots in Figure 6-10.   The FE 
model in Figure 6-10 a) assumes the heat is generated by a 1 Watt PL pump laser that is 
focused to a Gaussian in-plane distribution with a FWHM of 250 µm.  The average 
results for thermal conductivity could be more accurate.  A differential temperature 
lattice temperature of the outlined volume of material, which is equivalent to the MQW 
material of the tested samples, is 10° C above the heatsink temperature if the thermal 
conductivity is 2.2 Wm-1K-1. Figure 6-10 b) shows a second FE model with the heat 
source distributed with a FWHM of 300 µm.  The average lattice temperature of the 
outlined region is also 10° C above the heatsink temperature but for this to occur the 
thermal conductivity of the material must be 2.0 Wm-1K-1.  However, the temperature 
isotherms show that the surface temperature at the same distance from the center of the 
FE model is different. The small difference in optical heat distribution cannot be easily 
detected using standard techniques such as the knife-edge or pin-hole characterization 
used in Chapter 2. Therefore if the lattice temperature could be measured at multiple 
points on the sample that are a different distance from the heat source the FE model 
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measurement along the length of a nanowire is now considered the standard technique 
for measuring thermal conductivity in these types of structures [31].  The first data 
ublished for silicon nanowires varied from 600 Wm-1K-1 to 3600 Wm-1K-1 [32-34] due 
 the nanowire and measurement apparatus.  
Howev
p
largely to variations in TCR between
er, comparing the temperature increase from a laser at either end of the nanowire 
can be mathematically proven to eliminate the TCR of bonding materials and sub-
mounts from the calculation [31]. 
Heatsink 323.15 K 
Isotherms 0.7 K 
323.85 K 325.95 K 
323.75 K @ 4.2 mm 330.25 K @ 500 um 
 
A novel approach to implement this for thin film PL measurements would be to 
decouple the laser signal that stimulates PL photons from the laser signal that creates 
the optical heating effect.  This could be accomplished using two lasers commonly 
referred to as “pump” and “probe” configuration with one laser being moved on the 
sample surface and multiple measurements being taken.  This concept is illustrated by 
Figure 6-11.  This pump-and-probe approach has been successfully implemented for 
Figure 6-10: Thermal model isotherm plots with different heat distributions: upper plot
has a greater heat density and higher thermal conductivity but the same average
temperature increase as the lower plot. 
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Molecular Beam Epitaxy Software 
 
ounter in two different functions.  Therefore 
code must be re-typed where it is used and a second use of the next function in a growth 
Created: August 2009 
*********** 
/   LLS Fit -> m = ( (n SumXY) - (SumX SumY))/ (n SumX^2 - (SumX)^2) 
/      1. Bi2Se3  2. PbSe  3. SnSe  4. Se 
 
string startTime; 
int startTimeNum; 
This software is similar to “C”.  However, the programmer cannot define libraries or 
methods.  The same variable name cannot be used in different functions.  For example 
“i" cannot be declared and used as a loop c
recipe must be a separate text file with the variable declarations removed.  I apologize 
for the complicated “run-on” code segment below. 
 
Modified: December 2009 
 
Original Language: Text Editor Proprietary Script Language (Molly 2000) 
Software Development Environment Company: Veeco, Inc. 
 
 
/*****************************************
/ Arrhenius Plot for multiple material “load cells” 
/ J. Jeffers Created: 7/31/2009 Modified: 12/1/2009 
/ 
/ Description: This program operates the shutters of 
/   multiple material cells while reading the Beam 
/   Flux Monitor (BFM) to calculate the beam flux 
/   for each cell over a range of temperatures. 
/ 
/   It generates an Arrhenius plot of log10(P) = m(1/T) + b. 
/ 
/              b = ((SumY SumX^2) - SumX SumXY) / ( (n SumX^2) - (SumX)^2 
/ 
/   Order of Cells: 
/      5. CaF2    6. BaF2  7. PbTe  8. Ag  
/***************************************************/ 
#include <gauges.h> 
#include <cells.h> 
int i,j,k; 
double x,y,z; 
string a,b; 
 
string timeNow; 
int timeNowNum; 
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double progSleepTime; 
 
int exitProg = 0; 
int pauseLoop = 0; 
names[2] = SnSe_zone; 
BaF2_zone1; 
names[6] = PbTe_zone; 
double tempStableWaitTime = 600; // Default 600 seconds (10 minutes) 
int redoLoop = 0; 
int cellLoop = 0, numCells = 0, cellChoice[8]; 
 
 
// Give names for each cell by order of fluxes ************ 
string name[8]; 
name[0] = "Bi2Se3"; 
name[1] = "PbSe"; 
name[2] = "SnSe"; 
name[3] = "Se"; 
name[4] = "CaF2"; 
name[5] = "BaF2"; 
name[6] = "PbTe"; 
name[7] = "Ag"; 
 
int nameSelect[8]; 
 
cell names[8]; 
names[0] = Bi2Se3_zone; 
names[1] = PbSe_zone; 
names[3] = Se_zone1; 
names[4] = CaF2_zone1; 
names[5] = 
names[7] = Ag_zone; 
 
// Variables for numeric calculations ********************* 
double tSetPoint; 
 
double bkgPress; 
 
double shutterOpenTime = 180; // Default 180 seconds (3 minutes) 
 
double beamFlux, BEP; 
double BEPArray[8]; 
 
double tempCell; 
int rampSteps[8]; 
double rampTemp[64]; 
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double targetFlux[8]; 
double targetTemp; 
 
double sumY; 
og; 
string minute; 
string second; 
int monthNum; 
string monthNames[12]; 
 
monthNames[0] = "Jan"; 
monthNames[1] = "Feb"; 
monthNames[2] = "Mar"; 
monthNames[3] = "Apr"; 
monthNames[4] = "May"; 
monthNames[5] = "Jun"; 
monthNames[6] = "Jul"; 
monthNames[7] = "Aug"; 
monthNames[8] = "Sep"; 
monthNames[9] = "Oct"; 
monthNames[10] = "Nov"; 
monthNames[11] = "Dec"; 
 
// Change directory to where files are stored 
chdir("/Documents and Settings/mbe/Desktop/Log Files"); 
 
timeLog = mctime(time(0)); 
echo (timeLog); 
month = __Mid(timeLog,5,3); 
j = 0; 
double sumX; 
double sumX2; 
double sumXY; 
 
double slopeM, interceptB; 
 
int aboveMin = 0, belowMax = 0; 
 
// Open or create output log file ***************************** 
int fd; 
string fileName; 
 
string timeL
string month; 
string year; 
string day; 
string hour; 
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for (i = 0; i < 12; ++i) 
{ 
   if (strcmp(month,monthN
      j = i + 1; 
} 
if (j < 10) 
   month = "0" + itoa(j); 
else 
   month = itoa(j); 
 
year = __Right(timeLog,4); 
day = __Mid(timeLog,9,2); 
hour = __Mid(timeLog,12,2); 
minute = __Mid(timeLog,15,2); 
second = __Mid(timeLog,18,2); 
 
fileName = "BEP Flux Log "; 
fileName = fileName + year+"_"+month+"_"+day+"_"+hour; 
fileName = fileName + "_" + minute + "_" + second+".txt"; 
 
echo (fileName); 
 
fd = open (fileName, O_WRONLY | O_CREAT); 
if (fd < 0) 
{ 
   echo("Couldn't open output file"); 
   exit(EXIT_FAILURE); 
} 
fdecho( fd, "This log created on ", timeLog); 
close(fd);  
 
// Prompt user for cells to calculate the beam flux for *** 
pauseLoop=1; 
while (pauseLoop) 
{ 
   redoLoop = 1; 
   while(redoLoop) 
   { 
      cellLoop = 1; 
      while (cellLoop) 
      { 
         echo (""); 
         echo ("Choose Source Cell to generate Arrhenious plot for:"); 
         echo (""); 
         echo ("1. Bi2Se3  2. PbSe  3. SnSe  4. Se"); 
         echo ("5. CaF2    6. BaF2  7. PbTe  8. Ag"); 
ames[i]) == 0) 
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         echo ("9. Start"); 
         echo (""); 
       echo ("You have ", numCells, " cells selected."); 
       if (a == "X" || a == "x") 
          b = input(); 
          if (b == "Y" || b == "y") 
            redoLoop = 0; 
      else if ( atoi(a) < 1  || atoi(a) > 9) 
         echo("Invalid entry"); 
      else if ( a == "9" ) 
ed cells? [Y or N]"); 
 0; 
             redoLoop = 0; 
       else 
umCells] = atoi(a) - 1; 
 chose ", name[cellChoice[numCells]], ".  Is that correct? [Y or N]"); 
         echo ("X. Exit"); 
  
 
         for (i = 0; i < numCells; ++i) 
         { 
            echo (name[cellChoice[i]]); 
         } 
         echo (""); 
 
         a = input (); 
 
  
         { 
            echo ("Exit? [Y or N]"); 
  
  
            { 
               exitProg = 1; 
               cellLoop = 0; 
   
               pauseLoop = 0; 
            }       
         } 
 
   
         { 
   
         } 
 
   
         { 
            echo ("Start program with select
            b = input(); 
            if (b == "Y" || b == "y") 
            { 
               cellLoop =
  
            } 
         } 
 
  
         { 
            cellChoice[n
            echo("You
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            b = input(); 
 
            if (b == "Y" || b == "y") 
lls; 
       } 
    } 
Cells; ++j) 
p) 
ose temperature setpoints for ", name[cellChoice[j]], " Arrhenius 
lot:"); 
 number of temperature setpoints:"); 
          rampSteps[j] = atoi(input()); 
 || rampSteps[j] <0) 
ntry!  Please enter a number between 1 and 8."); 
mpSteps[j]; ++i) 
                echo ("Enter temperature #", i+1, ":"); 
             echo ("Enter target flux for ", name[cellChoice[j]], " :"); 
(); 
             targetFlux[j] = atof(b); 
             echo (" ");             
e ", rampSteps[j], " temperature points:"); 
             for (i = 0; i < rampSteps[j]; ++i) 
emperature #", i+1, " = ", rampTemp[j * 8 + i]);              
             echo ("Target Flux = ", targetFlux[j]); 
            { 
               ++numCe
            } 
  
  
   } 
 
   if (!exitProg) 
   { 
      for (j = 0; j< num
      { 
         redoLoop = 1; 
         while (redoLoo
         { 
            echo ("Cho
p
            echo ("Enter
  
 
            if (rampSteps[j] > 8
            { 
               echo("Invalid e
            } 
            else 
            { 
               for (i = 0; i < ra
               { 
  
                  rampTemp[j * 8 + i] = atoi(input()); 
               } 
 
  
               b = input
  
 
  
               echo("You chos
 
  
               { 
                  echo("T
               } 
  
 175
               echo (" "); 
 
               echo("Is this corrrect? [Y or N]"); 
put(); 
 "Y" || b == "y") 
p = 0; 
             } 
       } 
le (redoLoop) 
       echo ("Enter the shutter open time in minutes [default = 3 minutes] = "); 
 
") 
terOpenTime = atoi(b) * 60; 
ter the temperature stabilization wait time in minutes [default = 10 
       if (b != "") 
e = atoi(b) * 60; 
 ", shutterOpenTime / 60); 
= ", shutterOpenTime / 60, " minutes"); 
 = ", tempStableWaitTime / 60, " minutes"); 
 [Y or N]"); 
) 
          redoLoop = 0; 
rogram ************************************* 
; 
               b = in
               if (b ==
               { 
               redoLoo
  
            } 
  
      } 
 
      redoLoop = 1; 
      whi
      { 
  
         b = input();
         if (b != "
         { 
            shut
         } 
 
         echo ("En
minutes] = "); 
         b = input(); 
  
         { 
            tempStableWaitTim
         } 
         echo("Shutter Open =
 
         echo(" "); 
         echo("Shutter Open 
         echo("Stabilize Time
         echo( "Is this correct?
         b = input(); 
         if (b == "Y" || b == "y"
         { 
  
         } 
      } 
 
// Enter the start time for the p
      redoLoop = 1
      while (redoLoop) 
      { 
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         echo(" "); 
         echo ("Enter start time for Arrhenius Plot (military time format NO colon => 
o start now hit enter key."); 
put(); 
 if ( b != "") 
          startTimeNum = atoi(__Left(b,2))*3600 + atoi(__Right(b,2))*60; 
me(0)); 
,12,2); 
,15,2); 
)*3600 + atoi(minute)*60; 
eNowNum) 
          } 
          { 
 startTimeNum; 
pTime/60, " minutes."); 
ct? [Y or N]"); 
        b = input(); 
 == "Y" || b == "y") 
          { 
     else 
me = 0; 
     echo ("Start program? [Y or N]"); 
; 
  { 
op = 0; 
0615)"); 
         echo ("T
 
         b = in
 
        
         { 
  
 
            timeNow = mctime(ti
            hour = __Mid(timeNow
            minute = __Mid(timeNow
            timeNowNum = atoi(hour
 
            if (startTimeNum >= tim
            { 
               progSleepTime = startTimeNum - timeNowNum; 
  
            else 
  
               progSleepTime = 86400 - timeNowNum +
            } 
 
            echo ("Program will sleep for ", progSlee
            echo("Is this corrre
    
 
            if (b
  
                redoLoop = 0; 
            } 
         } 
    
         { 
            progSleepTi
       
            b = input()
            if (b == "Y" || b == "y") 
          
                redoLo
            } 
         } 
      } 
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      if (progSleepTime != 0) 
gram going to sleep mode for ", progSleepTime/60, " minutes at ", 
       sleep (progSleepTime); 
**************************************** 
 numCells; ++j) 
    { 
 rampSteps[j]; ++i) 
       { 
ture "," for ", name[cellChoice[j]], " on step ", i+1, " to ", 
mp[j*8+i], " C"); 
es[cellChoice[j]],rampTemp[j*8+i]); 
ho ("Waiting for temperature to ramp"); 
ait at ", mctime(time(0))); 
Cell = temp(names[cellChoice[j]]); 
  if (tempCell - setp(names[cellChoice[j]]) < 1) 
             { 
  } 
             
cho ("Waiting ", tempStableWaitTime," seconds for temperature to stabilize"); 
tableWaitTime); 
ho ("Acquiring background pressure for ", name[cellChoice[j]]); 
g(BFM); 
r (k=0; k<9; ++k) 
 
             sleep (1); 
kgPress += reading(BFM); 
 
      { 
         echo ("Pro
mctime(time(0))); 
  
      } 
 
// Start the Arrh plot *************
 
      for (j = 0; j <
  
         for (i = 0; i <
  
            echo ("Setting tempera
rampTe
          
            set_temp(nam
 
            ec
            echo ("Started w
            k = 1; 
            while (k) 
            { 
               temp
             
  
                  k = 0; 
             
               sleep (5); 
            }
 
            echo (""); 
            e
            echo ("Started wait at ", mctime(time(0))); 
            sleep(tempS
 
            ec
 
            bkgPress = readin
            fo
            {
  
               b
            }
            bkgPress = bkgPress/10; 
            echo ("Background Pressure = ", bkgPress); 
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// Open shutter, wait 3 minutes, measure BFM 
[j]]); 
ho (name[cellChoice[j]], " shutter OPEN at ", mctime(time(0))); 
enTime); 
eamFlux = reading(BFM); 
  for (k=0; k<9; ++k) 
     { 
             sleep (1); 
lux += reading(BFM); 
     } 
; 
  echo ("Beam Flux = ", beamFlux); 
llChoice[j]]); 
cho (name[cellChoice[j]], " shutter CLOSED ", mctime(time(0))); 
EP = beamFlux - bkgPress; 
          fd = open (fileName, O_RDWR | O_APPEND); 
echo( fd, ""); 
p[j*8+i], " Actual = ", temp(names[cellChoice[j]])); 
o( fd, name[cellChoice[j]]," Bkg: ", bkgPress, " ", name[cellChoice[j]], " 
amFlux, " ", name[cellChoice[j]], " BEP: ", BEP); 
e(fd);          
Steps[j]; ++k) 
          sumX = sumX + (1/rampTemp[j*8+k]); 
1/rampTemp[j*8+k]) * (1/rampTemp[j*8+k])); 
          sumXY = sumXY + (1/rampTemp[j*8+k]) * log10(BEPArray[k]); 
* sumX2) - 
mX)); 
            shopen(names[cellChoice
            ec
            sleep (shutterOp
 
            b
          
       
  
               beamF
       
            beamFlux = beamFlux/10
          
 
            shclose(names[ce
            e
 
            B
            echo ("BEP = ", BEP); 
 
  
 
            fd
            fdecho( fd, "Cell temperature ", name[cellChoice[j]],": Set = ", 
rampTem
            fdech
Flux: ", be
 
            clos
 
            BEPArray[i] = BEP; 
         } 
 
// Sum the LLS fit variables for plotting 
         for (k=0; k<ramp
         { 
  
            sumX2 = sumX2 + ((
            sumY = sumY + log10(BEPArray[k]); 
  
         } 
 
         slopeM = ((rampSteps[j] * sumXY) - (sumX * sumY))/((rampSteps[j] 
(sumX * su
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         interceptB = ((sumY * sumX2) - (sumX * sumXY))/((rampSteps[j] * sumX2) - 
umX * sumX)); 
ame, O_RDWR | O_APPEND); 
( fd,""); 
 m: ", slopeM, " ", " b: ", interceptB); 
 tempearture for target flux; 
getTemp = slopeM / (log10(targetFlux[j]) - interceptB); 
cho(""); 
       echo( " Target Temeprature for (Flux = ", targetFlux[i], ") => ", targetTemp); 
arget Temeprature for (Flux = ", targetFlux[j], ") => ", targetTemp); 
lose(fd); 
er is within ramp range of Temps and set cell to target  
 < rampSteps[i]; ++k) 
 
k]) 
 
             aboveMin = 1; 
tTemp < rampTemp[j*8+k]) 
ax = 1; 
 
(belowMax && aboveMin) 
          echo("Setting ", names[cellChoice[j]], "temperature to target = ", targetTemp, " 
perature leaving cell temperature alone"); 
 
(s
 
         fd = open (fileN
 
         fdecho
         fdecho( fd, name[cellChoice[j]],"
 
// Find the
         tar
         e
  
         fdecho( fd," T
 
         c
 
// Check that answ
         for (k = 0 ; k
         {  
            if (targetTemp > rampTemp[j*8+
            {
  
            } 
            if (targe
            { 
               belowM
            }
         } 
         if 
         { 
  
C"); 
            set_temp(names[cellChoice[j]],targetTemp); 
         } 
         else 
         { 
            echo("Invalid target tem
         } 
      } 
   } 
} 
 
close(fd); 
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/**************************************************** 
 Created: 8/6/2009 
Description: This program reads the CAR (substrate) 
 waits until it hits the target 
  temperature.  It then closes the Se shutter. 
*************************************/ 
 <gauges.h> 
ous code 
90"); 
hile (i) 
R = temp(CAR_Heater); 
/ CAR_Heater Cool Down Wait Step 
/ J. Jeffers
/ 
/ 
/   temperature and
/ 
/**************
#include
#include <cells.h> 
 
// variables all ready declared in previ
 
echo("Waiting for CAR to cool down to 1
i=1; 
w
{ 
   tempCA
   if (tempCAR < 190) 
   { 
      i = 0; 
   } 
   sleep (5); 
} 
 
shclose(Se_zone1); 
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Photoluminescence Test Software 
LabVIEW Function:   FTIR Characterize.vi 
 
Description: 
This software allows the user to control the temperature, injection current, and data 
cquisition settings for the photoluminescence system described in this dissertation.  
 
rimitive type variables.  The software implements a run-time menu with traditional 
s. 
ent (VI) user interface front panel for the top-
in function. 
 
a
There are 49 declared variables that includes data structures containing multiple
p
“File”, “View”, and “Help” menu
 
The image below is the virtual instrum
level ma
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The image below is the visual software code block diagram.  The structures shown are a 
ta acquisition on a standard personal 
 
custom programming style for real-time da
computer Windows operating system. 
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Code Segment Description: The event structure in the lowest continuous loop “User a
Hardware Control”
nd 
 in the previous image handles all user input.  There are 2 system 
vents and 18 independent user actions.  Shown below is the user action for starting a 
.  There are four 
ctions the software completes for this event. 
anged 
2. Notify user of software status 
he user can change based on software mode 
st 
 
ment Description:
e
PL test.  The grey box to the right shows a complete list of events
a
 
1. Disable all hardware control or data acquisition while variables are ch
3. Modify the screen objects that t
4. Prompt user to input the required information to begin a te
 
 
Code Seg  The event structure in the lowest continuous loop handles 
 events and 18 independent user actions.  Shown 
g a PL test.  The grey box to the right shows a 
hile variables are changed 
creen objects that the user can change based on software mode
all user input.  There are 2 system
below is the user action for startin
complete list of events.  There are four actions the software completes for this event. 
 
1. Disable all hardware control or data acquisition w
2. Notify user of software status 
3. Modify the s
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LabVIEW Function: Auto FTIR Hardware 
 
Description: This VI is the only access point for changing the settings of any OEM 
rdware devices used in the automated FTIR system.  The hardware “Read” functions 
onization is maintained in the 
possible hardware devices that can be 
cts listed below. 
ontrol unit #1 (for device under test) 
Lightwave Model #3752 
b. ILX Lightwave Model #3900 
30 
d. Lakeshore Cryotronics Model #331 
 #501 
. Temperature control unit #2 (for photoluminescence pump laser) 
a. ILX Lightwave Model #3752 
b. ILX Lightwave Model #3900 
htwave Model #3232 
b. ILX Lightwave Model #3900 (1000 mA, 4000 mA, and 8000 mA) 
iel MIR8000 Fourier Transform Infrared (FTIR) Spectrometer 
VI Hierarchy
ha
may appear in higher levels of software.  Synchr
individual device software.  There are four 
configured for the different commercial produ
 
1. Temperature c
a. ILX 
c. Lakeshore Cryotronics Model #3
e. Stanford Research System Model
2
3. Laser current supply 
a. ILX Lig
4. Or
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LabVIEW Function:   SRS 501 Thermoelectric Cooler Main 
 
Description: All hardware control software using the General Purpose Interface Bus 
PIB) has three sub-VIs: 1) Init, 2) Control or Load, and 3) Read.  The Init function 
aintains a semaphore for synchronizing access to the Read function from 
a. Clear GPIB Communications (1256 byte read with 125 ms timeout) 
 for temperature sensor error:    TSNS? 
d. Read maximum TEC Power limit (voltage):   TVLM? 
e. Read maximum TEC Power limit (current):   TILM? 
2. Read Routine 
a. Temperature setpoint:     TEMP? 
b. Thermoelectric cooler status (ON/OFF):   TEON? 
c. Thermoelectric cooler current:    TEMP? 
d. Thermoelectric cooler voltage:    TEMP? 
e. Actual temperature sensor reading:    TTRD? 
f. Control Proportional (P) gain setting:   TPGN? 
g. Control Integral (I) gain setting:    TIGN? 
h. Control Derivative (D) gain setting:    TDGN? 
3. Control/Load Routine 
a. Temperature setpoint:     TEMP XXX.XX 
b. Thermoelectric cooler status (ON/OFF):   TEON X 
c. Control Proportional (P) gain setting:   TPGN XXX.XX 
d. Control Integral (I) gain setting:    TIGN XXX.XX 
e. Control Derivative (D) gain setting:    TDGN XXX.XX 
 
 
Data Structure for Temperature Control 
(G
creates and m
different parent callers.  GPIB communications uses the LabVIEW VISA serial protocol 
with ASCII text commands that are listed in italics below.  The set routine uses ASCII 
numbers with X representing a numeral and a period indicating floating point. 
 
1. Initialize Routine 
b. Read maximum Temperature setting:   TMAX? 
c. Check
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LabVIEW Function: Oriel MIR8000 FTIR Main 
 
Description:  
This control software uses Direct Memory Access available in Windows 98 software 
and removed from all later operating systems.  The software code shown is a 
ombination of proprietary software purchased from Oriel, Inc. in 1998 for LabVIEW 
as 
at required significant modification and removal 
rent 
1. Initialize Routine 
a. Open and parse text file from hard disk 
b. Set Motor Control Board (MCB) 
i. Wavenumber Resolution 
ii. Laser Frequency 
iii. Oversampling 
c. Set Gain/Filter 
i. Low Wavenumber 
ii. High Wavenumber 
iii. Gain 
iv. MCB Delay 
2. Read Routine 
a. Acquire semaphore     “Oriel MIR80000” 
b. Wait for buffer ready 
c. Read interferogram buffer (n points) 
f. High wavenumber 
g. Gain 
4. FFT Routine for interferogram 
a. Find centerburst (max index) 
b. Adjust for phase (zero padding) 
c. Perform window apodization 
d. Calculate real FFT 
c
Version 6.1 that uses pre-compiled dynamically linked libraries (.dll).  All software w
upgraded to LabVIEW Version 7.0 th
of legacy code segments except for use of global variables that remain in the cur
version of code. 
 
d. Release buffer 
e. Perform  FFT 
f. Release semaphore 
3. Control/Load Routine 
a. Coadds        
b. Wavenumber Resolution 
c. Laser Frequency 
d. Oversampling 
e. Low wavenumber 
 188
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Photoluminescence Data Analysis Software 
LabVIEW Function: PL Data Processing.vi 
 
Description: This VI is the main function and user interface for post-test analysis of PL 
emission spectra from the “Automated FTIR Test” software.  This software allows the 
user to edit and calculate various properties of the XY text file output described in this 
dissertation.  There are 93 declared variables that includes data structures containing 
multiple primitive type variables.  The software implements a run-time menu with 
traditional “File”, “View”, and “Help” menus. 
 
 
VI Block Diagram 
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LabVIEW Function:   PL Data Peak Fit.vi 
 
Description:  
This VI manipulates the XY spectral data to calculate the PL peak energy maximum.  
The first step is to separate the energy range of interest, filter the data, and remove 
optical artifacts including blackbody radiation and molecular absorption.  The data 
equation is guessed.  This then uses the Non-linear Levenberg-Marquardt Fit (NLLM) 
Function. 
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LabVIEW Function:   PL Data Peak Data Processing.vi 
 
Description:  
This VI applies DSP algorithms to the FTIR intensity spectral data.  The first step is to 
 
 
  
separate the energy range of interest, filter the data, and remove optical artifacts 
including blackbody radiation and molecular absorption. 
 
The image below shows the fourth step of this function that applies a digital filter to the 
FTIR intensity spectral data 
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LabVIEW Functions: PL Data Filter.vi and PL Data Filter Design Coefficients.vi 
 
Description: This VI performs both infinite impulse response (IIR) and frequency based 
filtering.  The block diagram shown below was developed from the LabVIEW 7.0 real-
time filter example.  The code segment shown is for an IIR filter with the “Butterworth” 
design method being the default coefficient calculation. 
 
 
 
 
 
  
 201
LabVIEW Function:   PL Data Fit Initialize.vi 
 
Description:  
This VI is used to select and initialize the mathematical function y = F(x, a0, a1 …) for 
the NLLM fit in the parent caller.  The default is the Gaussian function with three 
parameters: amplitude, width (sigma), and an x-axis offset. 
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Acoustic Bragg Reflector Calculation Software 
 
Created: August 2010 
Modified: January 2013 
 
Original Language: LabVIEW Version 8.2 
Current Language:  LabVIEW 2010 
 
Description: 
This software performs all theoretical calculations shown in this dissertation.  The three 
primary functions: general math functions, optical Distributed Bragg Reflector (oDBR), 
and acoustic Distributed Bragg Reflector (aDBR). 
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The next two code segments shows the calculation of the angular frequency “w” of the 
 
 
 
 
  
incident energy wave incident on the DBR structures and the wave vector “k” of each 
material layer: “Above” is typically air for oDBRs and “Below” is also referred to as 
the substrate. 
 
 206
The next two code seg  show the calculation ofments  the “Propagator Matrix” for the 
o different materials (“Layer 1” and “Layer 2”) used for the aDBRs.  Each matrix is a 
lex numbers. 
 
 
 
 
tw
2x2 with comp
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aDBR “Reflectance” from the 
propagation matrix at the the given angular frequency “ω”. 
 
 
The next code segments show the custom “Dynamic Variable Signal Loop” technique 
developed using LabVIEW programming to calculate the aDBR reflectance over a 
given “Incident Energy” range with a given number of steps between the low and high 
values. 
 
 
This code segment calculates the reflectance of the 
 
Appendix B 
Detailed MBE Sample Growth Summary 
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Growth M046: Bulk PbSe  
Date, Grown By Target Thickness Measured Thickness  
6/24/2009, L. Olona > 3.0 μm 4.65 μm  
Target Alloy XRD FWHM Carrier Doping Substrate Batch 
PbSe 94.8” None PCA #8685 
Hall Effect Summary 
n (100K), cm-3 µ, cm2/Vs σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
+9.25 x 1016 10,600 180 +4.30 x 1017 236 18.0 
n(150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
+1.07 x 1017 3801 64.8 +1.51 x 1017 1497 36.1 
Epitaxial Layer Design
 Name Material Targ. Thick.µm Time Tsub 
PbSe 
TCell 
Se2 
TCell 
Act. Thick.
µm 
0 Buffer CaF2 0.002 1m 800   0.002 
 
1 Bulk PbSe > 3.00 2h30m 350 740 1000/285 4.65 
  
  
Sample 
M046-B 
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Film #M046: 4/12/2010
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Growth M047: Bulk PbSe 
Date, Grown By Target Thickness Measured Thickness  
6/25/2009, L. Olona > 3.00 μm 4.37 μm  
Target Alloy XRD FWHM Carrier Doping Substrate Batch 
PbSe 112.6” None PCA #8685 
Hall Effect Summary 
n (100K), cm-3 µ, cm2/Vs σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
+ x 1017   + x 1017   
n(150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
      
Epitaxial Layer Design
 Name Material Targ. Thick.µm Time Tsub 
PbSe 
TCell 
Se2 
TCell 
Act. Thick.
µm 
0 Buffer CaF2 0.002 1m 800   0.002 
 
1 Bulk PbSe > 3.00 2h30m 350 740 1000/285 4.37 
 
 
  
Sample 
M047-A 
Black Wax 
M047-A1 EGaIn M047-PL2 Indium M047-PL3 GaIn 
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Growth #M047: 7/14/2010
Temperature (K)
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Growth M048: Bulk PbSe 
Date, Grown B  y Target Thickness Measured Thick. 
6/26/2009, F. Zhao > 3.0 μm 3.94 μm  
Target Alloy XRD FWHM Carrier Doping Substrate Batch
PbSe 84.0” None PCA #8685 
Hall Effect Summary 
n (100K), cm-3 µ, cm2/Vs σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
+6.24 x 1016 14,330 143.1 +2.85 x 1017 302.3 13.77 
n(150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
+8.86 x 1016 3,845 54.51 +1.37 x 1017 1381 30.34 
Epitaxial Layer Design
 Name Material Targ. Thick.µm Time Tsub 
PbSe 
TCell 
Se2 
TCell 
Act. Thick.
µm 
0 Buffer CaF2 0.002 1m 800   0.002 
 
1 Bulk PbSe > 3.00 2h30m 350 740 1000/285 3.94 
 
        
  
Sample 
M048-A 
 215
 
 
Growth #M048: 7
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Growth M049: Bulk PbSe 
Date, Grown By Target Thickness Measured Thick.  
6/29/2009, F. Zhao > 3.0 μm 3.78 μm  
Target Alloy XRD FWHM Carrier Doping Substrate Batch 
PbSe 143.1” None PCA #8685 
Hall Effect 
100 K 300 K 
n(100K), cm-3 µ, cm2/Vs σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
+1.09 x 1017 14,850 259.0 +2.08 x 1017 652 21.67 
150 K 200 K 
n(150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
+1.16 x 1017 4,882 90.53 +1.19 x 1017 2,436 46.34 
Epitaxial Layer Design
 Name Material Targ. Thick.µm Time Tsub 
PbSe 
TCell 
Se2 
TCell 
Act. Thick.
µm 
0 Buffer CaF2 0.002 1m 800   0.002 
 
1 Bulk PbSe > 3.00 30m 325 737 1000/285 3.78 2 Bulk PbSe 2h00m 275 737 1000/285 
 
 
  
M049-PL3
Indium 
M049-PL3 
Gallium 
Indium 
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Growth #M0
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Growth M141: Multiple Quantum Wells on PbSe 
Date, Grown By Target Thickness Measured Thickness % 
10/1/2010, L. Olona 3.33 μm 2.47 -25.8 
Target Alloy Target Alloy Carrier Doping Substrate Batch 
Pb0.85Sn0.15Se Pb0.85Sn0.15Se None/Bismuth Virginia Semi. SS 
Hall Effect Summary (pn junction formed by MQW and PbSe:Bi) 
n (100K), cm-3 µ, cm2/Vs σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
+1.01 x 1018 5228 846.44 -5.59 x 1018 1192 1066 
n (150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
-1.16 x 1019 1352 2505 -5.64 x 1018 1702 1535 
Epitaxial Layer Design 
 Name Material Thick nm Material 
Thick 
nm Repeat 
Total 
nm 
Adjusted 
nm 
0 Nuc. PbSe 30     22 
 
1 Bulk PbSe 2000     1484 
2 Barrier PbSrSe 200     148 
3 MQW PbSrSe 30 PbSe 15 20 0.900 22 x 11 / 0.667
4 Barrier PbSrSe 170     126 
5 PL Cap PbSe 30     22 
 
 
  
Sample Sample 
M141-PL1 M141-H1
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Sample #M14
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Growth M168: Multiple Quantum Wells on 3-Period Superlattice 
Date, Grown By Target Thickness Measured Thickness Variation % 
11/3/2010, L. Olona 2.591 μm 3.075 μm +18.7 
MQW Alloy % SL Alloy % Carrier Doping Substrate Batch 
Pb0.93Sr0.07Se Pb0.85Sn0.15Se Bismuth Virginia Semi. SS 
Hall Effect Summary *** (Data for Sample #M103) 
n (100K), cm-3 µ, cm2/Vs σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
- 5.926 x 1018 6697 6350 - 5.592 x 1018 1170 1047 
n(150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
- 5.666 x 1018 3792 3438 - 5.648 x 1018 2530 2286 
Qualitative Visual Assessment 
 Type Material 
Thick 
nm Material
Thick 
nm Repeat
Total 
nm 
Adjusted 
nm 
0 Nuc - 200     236 
 
1 SL1 PbSnSe 1.00 PbSe 1.00 250 0.500 1.190 / 0.595 
2 SL2 PbSnSe 1.50 PbSe 1.50 167 0.500 1.780 / 0.595 
3 SL3 PbSnSe 2.00 PbSe 2.00 125 0.500 2.380 / 0.595 
Averages & Totals 1.38  1.38 542 1.500 1.647 / 1.785 
 
4 Barrier PbSrSe 133     134 
5 MQW PbSrSe 20.0 PbSe 10 20 0.600 24 x 12 / 0.712
6 Barrier PbSrSe 113     140 
7 Cap PbSe 5     6 
 
 
 
Sample  
M168-C 
Gallium Indium
Sample 
M168-CCR 
Indium 
Growth 
Wafer 
Sample  
M168-F 
Gallium Indium
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Film #103: 4/19/2010
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Growth M207: Multiple Quantum Wells on 5-period Superlattice 
Date, Grown By Target Thickness Measured Thick. Variation % 
5/9/2011, Z. Cai 2.551 μm 2.200 μm -13.8 
MQW Alloy % SL Alloy % Carrier Doping Substrate Batch 
Pb0.93Sr0.07Se Pb0.85Sn0.15Se Bismuth: -3.0 x 1018 Virginia Semi. SS 
Epitaxial Layer Design 
 Name Material Thicknm Material
Thick 
nm Repeat
Total 
nm 
Adjusted 
nm 
0 Nuc. PbSe 200      
 
1 SL1 PbSnSe 5.00 PbSe 5.00 30 300 4.3 / 259 
2 SL2 PbSnSe 4.00 PbSe 4.00 38 304 3.4 / 262 
3 SL3 PbSnSe 3.00 PbSe 3.00 50 300 2.6 / 259 
4 SL4 PbSnSe 2.00 PbSe 2.00 75 300 1.7 / 259 
5 SL5 PbSnSe 1.00 PbSe 1.00 150 300 0.9 / 259 
Averages & Totals 2.19  2.19 343 1504 1.88 / 1293 
 
6 Barrier PbSrSe 133     115 
7 MQW PbSe 20.00 PbSe 10.00 20  17 x 8.6 / 517 
8 Barrier PbSrSe 113     97 
9 Cap PbSe 5     4.3 
 
 
 
  
Growth 
Wafer 
Sample 
M207-A 
Sample 
M207-CF
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Growth M211: Multiple Quantum Wells on 5-Period Superlattice 
Date, Grown By Target Thickness Measured Thick. % 
6/22/2011, Z. Cai 2.551 μm 2  +  .85 μm 11.7%
MQW Alloy % SL Alloy % Carrier Doping Substrate Batch 
Pb0.93Sr0.07Se Pb0.85Sn0.15Se None CVD #051606-B 
Hall Effect Summary 
n (100K), cm-3 µ, cm2/Vs σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
+1.455 x 1017 11540 268.7 +  445.4  4.193 x 1017 29.88 
n(150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
+  +  2135 1.587 x 1017 4514 114.6  1.868 x 1017 63.81 
Epitaxial Layer Design
 Name Material Thicknm Material
Thick 
nm Repeat
Total 
nm 
Adjusted 
nm 
0 Nuc. PbSe 200     223 
 
1 SL1 PbSnSe PbSe 1.00 150 300 1.1 / 335 1.00 
2 SL2 PbSnSe 2.00 PbSe 2.00 75 300 2.2 / 335 
3 SL3 PbSnSe 3.00 PbSe 3.00 50 300 3.4 / 335 
4 SL4 PbSnSe 4.00 4.00 PbSe 38 304 4.5 / 335 
5 SL5 PbSnSe 5.00 PbSe 5.00 30 300 5.6 / 335 
Averages & 2.19 2.19 343 1504 2.45 / 1680 Totals  
 
6 Barrier PbSrSe 133     149 
7 MQW PbSrSe 20.0 PbSe 10.0 20 22 x 11 / 670 600 
8 Barrier PbS 3   126 rSe 11   
9 Cap P 0   5.6 bSe 5.0   
 
Growth 
Wafer 
Sample 
M211-R 
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Film #211: 7/20/2011
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Growth M212: Multiple Quantum Wells on 5-Period Superlattice 
Date, Grown By Target Thickness Measured % 
6/24/2011, Z. Cai 2.551 μm 2.88 μm +12.9 
MQW Alloy % SL Alloy % Carrier Doping Substrate Batch 
Pb0.93Sr0.07Se Pb0.85Sn0.15Se None CVD #051606-B 
Hall Effect Summary 
n (100K), cm-3 µ, cm /Vs2 σ, S/cm n (300K), cm-3 µ, cm2/Vs σ, S/cm 
+ 1.895 x 1017 15070 456.8 + 4.313 x 1017 564 38.91 
n(150K), cm-3 µ, cm2/Vs σ, S/cm n (200K), cm-3 µ, cm2/Vs σ, S/cm 
+ 1.980 x 1017 5860 185.6 + 2.222 x 1017 2711 96.36 
Epitaxial Layer Design
 Name Material Thicknm 
 Material Thick nm Repeat 
Total 
nm 
Adjusted 
nm 
0 Nuc. PbSe  200     226 
 
1 SL1 PbSnSe 0.50 PbSe 0.50 300 300 0.6 / 339 
2 SL2 PbSnSe  1.00 PbSe 1.00 150 300 1.1 / 339 
3 SL3 PbSnSe  1.50 PbSe 1.50 100 300 1.7 / 339 
4 SL4 PbSnSe  2.00 PbSe 2.00 75 300 2.3 / 339 
5 SL5 PbSnSe  PbSe 2.50 2.50 60 300 2.8 / 339 
Av   1.09 685 1500 1.24 / 1694 erages & Totals 1.09  
 
6 Barrier PbSrSe  133     150 
7 MQW PbSe 20.0 PbSrSe 10.0 20 600 23 x 11 / 677 
8 Barrier PbSrSe 3 128 11     
9 Cap PbSe 5.00     5.6 
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Growth #212: 7/21/2011
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Growth M213: Multiple Quantum Wells on 7-Period Superlattice 
D T eate, Grown By arget Thickness M asured Thickness Variation % 
6 2 2 +/29/2011, Z. Cai .451 μm .72 μm 11.0 
M S CQW Alloy % L Alloy % arrier Doping Substrate Batch 
P S S P S Sb0.93 r0.07 e b0.85 n0.15 e None CVD #051606-B 
Hall Effect Summary 
n (100K), cm-3 µ, cm2 -3 µ, 2  /Vs σ, S/cm n (300K), cm cm /Vs σ, S/cm 
+  1   1.60 x 017 14110 361.5 + 4.49 x 1017 492.7 35.40 
n(150K), cm , cm σ, S/ n (200K), cm  µ, s σ m -3 µ 2/Vs cm -3 cm2/V , S/c
+ 1.75 x 10 52 146.7 + 2.05 x 1017 24 5 78.92 17 25  0
Epitaxial Layer Design
 N  M T Ma T Repeat Total ame aterial hicknm terial
hick 
nm nm 
Adjusted 
nm 
0 Nuc. PbSe 200     222 
         
1 SL1 PbSnSe 0.50 PbSe 0.50 200 200 0.6 / 222 
2 PbSe 0.75 SL2 PbSnSe 0.75 133 200 0.8 / 222 
3 SL3 PbSnSe 1.00 PbSe 1.00 100 200 1.1 / 222 
4 SL4 PbSnSe P 200 1.25 bSe 1.25 80 1.4 / 222 
5 SL5 PbSnSe 1.50 PbSe 1.50 67 201 1.7 / 223 
6 SL6 PbSnSe 1.75 PbSe 1.75 57 200 1.9 / 222 
7 SL7 PbSnSe 2.00 PbSe 2.00 50 200 2.2 / 222 
Averages & Totals 1.02  1.02 687 1401 1.13 / 1555 
         
8 Barrier PbSrSe 133    48  1
9 MQ e 20.0 PbSr  20 60 1 / 666 W PbS Se 10.0 0 22 x 1
10 Barrier PbSrSe 113   5   12
11 Cap PbSe 5.00     5.6 
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Growth #M213: 7/21/2011
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Growth M214: Multiple Quantum Wells on 7-Period Superlattice 
Date, Grown By Target Thickness Measured Thickness Variation % 
6/30/2011, Z. Cai 2.451 μm 3.03 μm +23.6 
MQW Alloy % SL Alloy % Carrier Doping Substrate Batch 
Pb0.93Sr0.07Se Pb0.85Sn0.15Se None CVD #051606-B 
Hall Effect Summary 
n (100 K), cm-3 µ, cm2/Vs σ, S/cm n (300 K), cm-3 µ, cm2/Vs σ, S/cm 
+ 1.01 x 1017 8839 150.3 + 5.03 x 1017 313 25.17 
n (150 K), cm-3 µ, cm2/Vs σ, S/cm n (200 K), cm-3 µ, cm2/Vs σ, S/cm 
+ 1.34 x 1017 3291 70.71 + 1.76 x 1017 1535 43.31 
Epitaxial Layer Design
 Name Material Thick nm Material 
Thick 
nm Repeat 
Total 
nm 
Adjusted 
nm 
0 Nuc. PbSe 200     247 
 
1 SL1 PbSnSe 1.50 PbSe 1.50 67 201 1.9 / 248 
2 SL2 PbSnSe 1.75 PbSe 1.75 57 200 2.2 / 247 
3 SL3 PbSnSe 2.00 PbSe 2.00 50 200 2.5 / 247 
4 SL4 PbSnSe 2.25 PbSe 2.25 44 198 2.8 / 245 
5 SL5 PbSnSe 2.50 PbSe 2.50 40 200 3.1 / 247 
6 SL6  2.75  2.75 36 198 3.4 / 245 
7 SL7  3.00  3.00 33 198 3.7 / 245 
Averages & Totals 2.13  2.13 327 1395 2.64 / 1724 
 
8 Barrier PbSrSe 133     164 
9 MQW PbSrSe 20.0 PbSe 10.0 20 600 25 x 12 / 742 
10 Barrier PbSrSe 113     140 
11 Cap PbSe 5.00     6.2 
 
  
Growth 
Wafer 
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Appendix C 
Detailed MBE Sample Test Summary 
 
PL Laser Power Calibration: 
 
Laser #06JUN16 Date: 7/2011 Date 5/2010 
0.40 12 15 
0.45 65 69 
1.00 424 430 
2.00 1123 1136 
3.00 1814 1829 
4.00 2480 2513 
5.00 3110 3208 
6.00 3700 3903 
7.00 4220 4598 
  
 232
Sample #M046-PL2 
 
 
Test Date 7/31/11 Laser #06JUN16 Results 
FTIR System #2 Ireflect 3.0 A  PL Peak 
Range (cm-1) 500-3500 cm-1  mWPreflect 565  17.0 ± 0.93 
K/Watt Co-adds/Gain/Res. P  1814 mW100 / 8 / 8 cm
-1 Inc  
Detector Type P 68.8 % C Absorb 
Detector Current c 35 mA Test (A) PIn Pabs  
P  kH  BB Power reamp Gain/Filter 10/300 z/AC 3.0 1814 1370 
Power Meter New. 1916-C 4.0 2480
1
K
 1718 
.0 6 5 ± 0.0
/Watt Sample TEC Lakeshor 10 e 330 5.0 31 2044 
Sample Mount InGa/ 3700 2331 Cu/InGa 6.0 
Repeat 3 BB Range 609800 – 1  cm-1 
PL Analysis Exp. PL Range 1  3500 cmGauss 800 – -1 
THS
)
abs 
W
max 
V
Std. 
De
ΔEm  
(me
BB w 
(
Std.  P
(K  (m ) (me
E
) v. 
ax
V/W) 
Po
a.u.) Dev. 
ΔP  BB
a.u./W 
293
0 276.14 0.7
9
0.
7
 
 05 
.30 
±  
612 
2.97 0.85 
1.42 
± 
0.56 
1370 .22 0.8 7 288  30 3.99 1.04 
1718 .25 0.2 7 291  77 4.79 0.83 
2044 .29 0.2 7 294  77 5.65 0.48 
2331 .17 0.5 7 297  53 6.45 0.36 
303 
0 280.82 1.0
8
1.1
8
0.08 
 91 
.48 
± 
4 
9.39 0.34 
2.21 
± 
1370 293.33 0.7 9 32 2.19 0.38 
1718 296.53 0.277 9  2.96 0.20 
2044 299.56 0.553 93.  0.19   85
2331 .64 0.95 94   301  9 .60 0.21 
313
26 0.
8.6
± 
0.657 
11  
0.06 
 
0 286.  045 
7 
0.42 0.21 
2.70 
± 
1370 .28 0.000 113  0.16  298   .79
1718 301.00 0.732 114  0.12   .77
2044 304.04 0.959 115.78 0.21 
2331 306.11 0.998 116.85 0.12 
323 
0 295.73 0.059 
6.32 
± 
0.443 
135.70 0.22 
3.29 
± 
0.04 
1370 304.04 0.479 139.87 0.16 
1718 306.43 0.479 141.10 0.15 
2044 308.19 0.732 142.29 0.24 
2331 310.27 0.830 143.47 0.06 
 
Pabs 
(mW) 
ΔEmax 
(µeV/K) 
St. Dv. 
(µeV/K)
ΔEmax,avg 
(µeV/K)
Stef-
Boltz 
St. Dv. 
(au) 
T0 
(K) 
THS 
(K) 
ΔPBB 
(au/K) 
0    0.31 4 242 293 1.92 5 0.00
1370 522.64 24.0 
481 
± 
22.1 
0.3 4 242 303 2.12 30 0.00
1718 498.27 20.9 0.3 3 242 313 2.34 32 0.00
2044 466.51 30.8 0.334 0.001 242 323 2.57 
2331 441.29 17.3 0.336 0.002 242   
 233
 234
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Sample #M047 – A1:  Bulk PbSe  
  
Test Date 2/24/11 Laser #06JUN16 Results 
FTIR System #2 Ireflect PL Peak 2.0 A 
500-3 cm-1 4  
1
Range Preflect 500 65 mW 6.5 ± 0.60 Co-adds/Gain/Res. 1100 / 8 / 8 cm-1 PInc 123 mW K/Watt 
Detector Type Absorb PC 58.6 % 
D  35  PIn abs  etector Current Test (A) c P mA
P  10/3 BB Power reamp Gain/Filter 00 kHz/AC 2.0 1123 658 
Power Meter New. 1916-C 3.0 1814 1063 
0.26  4 ± 0.02
K/Watt Sample TEC Lakeshore 330 4.0 2480 1453 
Sample Mount InGa/Cu/InGa 5.0 3110 1822 
Repeat 3 BB Range 80 m0 – 1609 c -1 
PL Analysis Exp. Gauss 1PL Range 800 – 3333 cm-1 
THS abs
(  
Emax 
(
Δ max
m BB  De
BB 
a.
 P  
(K) mW) meV) 
Std. 
Dev. 
E  
eV/W Pow
Std. ΔP
v. u./W 
293 
6.54 
0.2
285 5
1.44 
0.2  
.30 .33 0 277.20 0.563 
± 
6  285 5.58 281.58 0.471 .94 37 
± 1063 283.98 0.473 286 5..51 
2552 
51 
1453 286.85 0.009 287 5..14 73 
1822 289.09 0.268 287 5..98 64 
303 
6.81 
0.5
341 7.
1.55 
0.4  
.96 00 
± 
23
0 280.95 1.34 
± 
6  342 6.58 285.09 1.10 .79 66 
1063 288.61 0.551 343 6.
69 
.26 38 
1453 291.01 0.551 344 6..00 46 
1822 293.09 0.472 344 6..86 20 
313 
6.63 
0.4
409 7.
2.09 
0.3  
0 285.17 0.799 
± 
37 
.61 57 
6  41 7.58 289.57 0.548 0.81 80 
1063 292.13 0.478 41 7.1.67 65 ± 
381453 294.84 0.280 41 7.2.50 59 
1822 297.24 0.280 41 7.3.44 36 
 
Pabs 
(mW) 
ΔEma
V/K
Em
µeV
Stef-Boltz 
Emissivity (au) 
HS 
) 
ΔPBB 
) 
x Δ
(µe ) (
ax,avg 
/K)
T0 
(K) 
T
(au/K(K
0  0.983 .018 3 77  ± 0 218 29 5.
658  ± 1
40
±
22.7 
0.98 9 3 7 399.54 3.85 8 ± 0.01 219 30 6.3
4 
 1063  ± 4 0.990 ± 0.017 3 7.02 407.53 1.53 219 311453 399.54 ± 13.85 0.992 ± 0.015 218   
1 4  23 .99 .014 8 822 07.53 ± .99 0 3 ± 0  21   
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 239
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Sample #M048 – A1:  Bulk PbSe 
  
Test Date 2/28/11 Laser #06JUN16 Results 
FTIR System #2 Ireflect 2.0 A PL Peak 
Range 500-3500 cm-1 Preflect 462 mW 14.7 ± 1.20 
K/Watt Co-adds/Gain/Res. 100 / 8 / 8 cm
-1 PInc 1123 mW 
Detector Type PC Absorb 58.8 % 
Detector Current 35 mA Test (A) PInc Pabs  
Preamp Gain/Filter 10/300 kHz/AC 2.0 1123 661 BB Power 
Power Meter New. 1916-C 3.0 1814 1068 
0.312 ± 0.08 
K/Watt Sample TEC Lakeshore 330 4.0 2480 1460 
Sample Mount InGa/Cu/InGa 5.0 3110 1831 
Repeat 3 BB Range 800 – 1609 cm-1 
PL Analysis Exp. Gauss PL Range 1800 – 3500 cm-1 
THS 
(K) 
Pabs 
(mW) 
Emax 
(meV) 
Std. 
Dev. 
ΔEmax 
meV/W BBPow 
Std. 
Dev. 
ΔPBB 
a.u./W 
293 
0 278.67 0.458 
6.47 
± 
0.388 
262.02 5.37 
1.35 
± 
0.665 
661 283.11 0.277 262.87 4.98 
1068 285.34 0.479 263.39 4.69 
1460 288.06 0.277 263.93 4.53 
1831 290.62 0.479 264.53 4.16 
303 
0 281.56 0.892 
7.79 
± 
0.612 
316.66 4.62 
2.17 
± 
0.489 
661 286.46 0.553 317.85 4.59 
1068 290.30 0.732 318.57 4.42 
1460 292.85 0.277 319.40 4.23 
1831 295.73 0.277 320.79 3.98 
313 
0 287.34 1.15 
7.38 
± 
0.688 
383.69 4.55 
2.41 
± 
0.341 
661 291.89 0.732 385.10 4.70 
1068 295.73 0.553 386.06 4.61 
1460 298.12 0.277 387.03 4.22 
1831 300.68 0.000 388.15 4.07 
 
Pabs 
(mW) 
ΔEmax 
(µeV/K) 
ΔEmax,avg 
(µeV/K)
Stef-Boltz 
Emissivity (au) 
T0 
(K) 
THS 
(K) 
ΔPBB 
(au/K) 
0   0.962 ± 0.007 226 293 5.66 
661 439.40 ± 49.9 
491 
± 
22.7 
0.967 ± 0.005 226 303 6.25 
1068 519.24 ± 49.9 0.970 ± 0.004 226 313 6.89 
1460 503.26 ± 0.00 0.974 ± 0.004 226   
1831 503.26 ± 24.0 0.978 ± 0.005 226   
 
 243
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 246
Sample #M049-PL1:  Bulk PbSe 
  
Test Date 2/24/11 Laser #06JUN16 Results 
FTIR System #2 Ireflect 2.0 A PL Peak 
Range 500-3500 cm-1 Preflect 465 mW 13.7 ± 0.42 
K/Watt Co-adds/Gain/Res. 100 / 8 / 8 cm
-1 PInc 1123 mW 
Detector Type PC Absorb 58.8 % 
Detector Current 35 mA Test (A) PInc Pabs  
Preamp Gain/Filter 10/300 kHz/AC 2.0 1123 661 BB Power 
Power Meter New. 1916-C 3.0 1814 1068 
0.513 ± 0.02 
K/Watt Sample TEC SRS LDC 501 4.0 2480 1460 
Sample Mount InGa/Cu/InGa 5.0 3110 1831 
Repeat 3 BB Range 800 – 1609 cm-1 
PL Analysis Exp. Gauss PL Range 1800 – 3333 cm-1 
THS 
(K) 
Pabs 
(mW) 
Emax 
(meV) 
Std. Dev.
(meV) 
ΔEmax 
(meV/W) 
BBPow 
(a.u.) 
Std. Dev. 
(a.u.) 
ΔPBB 
(a.u./W) 
293 
0 279.95 1.07 
5.25 
± 
0.582 
268.85 4.01 
2.56 
± 
0.488 
661 283.34 0.730 270.38 3.89 
1068 285.58 0.729 271.56 3.71 
1460 287.82 0.003 272.46 3.47 
1831 289.42 0.277 273.55 3.13 
303 
0 283.78 0.958 
5.57 
± 
0.807 
326.44 3.39 
3.23 
± 
0.248 
661 287.50 0.730 328.39 3.48 
1068 289.58 0.554 329.80 3.21 
1460 292.13 0.003 330.94 3.18 
1831 293.89 0.554 332.39 2.97 
313 
0 286.01 0.368 
7.02 
± 
0.327 
396.77 3.40 
4.18 
± 
0.227 
661 290.37 0.277 399.49 3.44 
1068 293.89 0.277 400.98 3.17 
1460 296.29 0.280 402.62 3.02 
1831 298.69 0.277 404.56 3.09 
 
Pabs 
(mW) 
ΔEmax 
(µeV/K) 
ΔEmax,avg 
(µeV/K) 
Stef-Boltz 
Emissivity (au) 
T0 
(K) 
THS 
(K) 
ΔPBB 
(au/K) 
0 -- -- 0.972 ± 0.003 222.9 293 5.16 
658 362.79 ± 12.06 
409 
± 
9.00 
0.979 ± 0.002 222.9 303 5.72 
1063 399.55 ± 15.42 0.981 ± 0.003 222.7 313 6.33 
1453 421.93 ± 16.61 0.984 ± 0.004 222.6 -- -- 
1822 452.29 ± 19.97 0.990 ± 0.003 222.8 -- -- 
 
  247
  248
 
  
 249
 250
Sample #M141-PL1 
  
Test Date 1/4/2011 Laser #06JUN16 Results 
FTIR System #2-TE Ireflect 2.0 A PL Peak 
Range 500-3500 cm-1 Preflect 477 mW 6.58 ± 0.54 
K/Watt Co-adds/Gain/Res. 100 / 8 / 8 cm
-1 PInc 1123 mW 
Detector Type PC Absorb 57.5 % 
Detector Current 35 mA Test (A) PInc Pabs  
Preamp Gain/Filter 10/300 kHz/AC 2.0 1123 646 BB Power 
Power Meter New. 1916-C 3.0 1817 1043 
0.643 ± 0.04 
K/Watt Sample TEC SRS LDC 501 4.0 2480 1427 
Sample Mount InGa/Cu/InGa 5.0 3110 1789 
Repeat 3 BB Range 800 – 1609 cm-1 
PL Analysis Exp. Gauss PL Range 1800 – 3500 cm-1 
THS 
(K) 
Pabs 
(mW) 
Emax 
(meV) 
Std. Dev. 
(meV) 
ΔEmax 
(meV/W) 
BBPow 
(a.u.) 
Std. Dev. 
(a.u.) 
ΔPBB 
(a.u./W) 
293 
0* 332.02 0.49 
2.85 
± 
0.29 
192.56 0.54 
1.71 
± 
0.04 
646 333.91 0.28 193.56 0.63 
1043 334.87 0.28 194.23 0.61 
1427 336.15 0.00 194.90 0.61 
1789 337.11 0.00 195.63 0.56 
303 
0* 334.34 0.34 
2.81 
± 
0.25 
215.76 0.57 
2.04 
± 
0.06 
646 336.15 0.00 217.00 0.66 
1043 337.27 0.28 217.92 0.53 
1427 338.39 0.28 218.62 0.60 
1789 339.34 0.28 219.40 0.60 
313 
0* 336.47 1.18 
2.90 
± 
0.66 
242.06 0.78 
2.23 
± 
0.02 
646 338.23 1.00 243.50 0.72 
1043 339.66 0.28 244.32 0.68 
1427 340.62 0.28 245.17 0.83 
1789 341.58 0.28 246.09 0.80 
 
Pabs 
(mW) 
ΔEmax 
(µeV/K) 
ΔEmax,avg 
(µeV/K) 
Stef-Boltz 
Emissivity (au) 
T0 
(K) 
THS 
(K) 
ΔPBB 
(au/K) 
0 266.9 ± 28.7 
*238 
± 
11.4 
0.950 ± 0.031 165.3 293 2.668 
646 252.5 ± 23.6 0.961 ± 0.029 166.2 303 2.949 
1043 244.5 ± 8.31 0.953 ± 0.025 166.8 313 3.248 
1427 228.5 ± 9.96 0.971 ± 0.031 167.4   
1789 228.5 ± 9.98 0.958 ± 0.020 168.0   
 M141-PL1
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 252
Sample #M141-PL1 
  
Test Date 2/11/2012 Laser #06JUN16 @ ≈ 20 °C 
FTIR System #2-LN2 Ireflect 3.0 A Windows 
Range 500-3500 cm-1 Preflect 613 mW 93 % 
Co-adds/Gain/Res. 100 / 8 / 8 cm-1 PInc 1814 mW 93 % 
Detector Type PC Absorb 60.9 %  
Detector Current 35 mA Test (A) PInc Pabs Results 
Preamp Gain/Filter 10/300kHz/AC 3.0 1814 1105 PL Peak 
Power Meter New. 1916-C 4.0 2480 1511 
5.44 ± 2.30 
K/Watt Sample TEC Lakeshore 330 5.0 3110 1895 
Sample Mount InGa/Cu/InGa 6.0 3700 2254 
Repeat 3 7.0 4220 2571  
PL Analysis Exp. Gauss BB Range N/A 
  PL Range 1400 – 3255 cm-1 
THS 
(K) 
Pabs 
(mW) 
Emax 
(meV) Std. Dev. 
ΔEmax 
(meV/W) 
HEPL  
(K/Watt) 
260 
0* 312.55 0.43 
2.72 ± 0.43 6.28 ± 0.99 1105 315.54 0.00 1511 316.74 0.34 
1895 317.70 0.34 
250 
0* 306.88 0.24 
3.62 ± 0.01 8.36 ± 0.02 1105 310.99 0.34 1511 312.18 0.00 
1895 313.86 0.34 
240 
0* 300.93 0.34 
4.22 ± 0.00 9.75 ± 0.00 1105 305.71 0.34 1511 307.15 0.34 
1895 309.07 0.34 
210 
0* 280.89 0.53 
1.82 ± 0.86 4.20 ± 1.99 1105 282.47 0.00 1511 283.43 0.00 
1895 283.67 0.34 
200 
0* 279.52 2.44 
2.41 ± 0.01 5.57 ± 0.02 1105 280.79 1.69 1511 281.51 0.68 
1895 281.75 1.02 
190 
0* 277.13 0.43 
3.32 ± 0.42 7.67 ± 0.97 1105 278.63 0.00 1511 279.83 0.34 
1895 279.83 0.34 
THS 
(K) 
Pabs 
(mW) 
Emax 
meV Std. Dev. 
ΔEmax 
(meV/W) 
HEPL  
(K/Watt) 
160 
0* 270.50 0.19 
1.93 ± 0.15 4.46 ± 0.35 1511 273.36 0.00 1895 274.32 0.68 
2254 274.80 0.00 
150 
0* 267.23 2.70 
2.26 ± 0.25 5.22 ± 0.58 1511 270.49 0.68 1895 271.92 0.00 
2254 272.16 0.34 
140 
0* 265.85 1.14 
0.63 ± 0.05 1.45 ± 0.12 1511 266.89 0.34 1895 266.89 0.34 
2254 267.37 1.02 
110 
0* 233.79 1.19 
1.76 ± 0.53 4.06 ± 1.22 1895 237.17 0.34 2254 237.65 0.34 
2571 238.37 0.00 
100 
0* 230.93 0.07 
1.43 ± 0.02 3.30 ± 0.05 1895 233.58 0.00 2254 234.30 0.34 
2571 234.54 0.00 
90 
0* 226.23 0.00 
2.14 ± 0.00 4.94 ± 0.00 1895 230.22 0.00 2254 231.18 0.00 
2571 231.66 0.00 
Pabs 
(Watts) 
ΔEmax 
(µeV/K) 
Std. Dev. 
(µeV/K) 
Mean 
(µeV/K) 
Offset 
(meV) 
Std. Dev. 
(meV) 
1895 433 5.15 433 ± 5.15 201.99 0.88 
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Sample #168-C 
  
Test Date 1/5/2011 Laser #06JUN16 Results 
FTIR System #2-TE Ireflect 2.0 A PL Peak 
Range 500-3500 cm-1 Preflect 437 mW 11.60 ± 1.20 
K/Watt Co-adds/Gain/Res. 100 / 8 / 8 cm
-1 PInc 1123 mW 
Detector Type PC Absorb 61.1 % 
Detector Current 35 mA Test (A) PInc Pabs  
Preamp Gain/Filter 10/300kHz/AC 3.0 1814 1108 BB Power 
Power Meter New. 1916-C 4.0 2480 1515 
0.438 ± 0.002 
K/Watt Sample Temp. SRS LDC 501 5.0 3110 1900 
Sample Mount InGa/Cu/InGa    
Repeat 3 BB Range 800 – 1609 cm-1 
PL Analysis Exp. Gauss PL Range 1800 – 3500 cm-1 
THS 
(K) 
Pabs 
(mW) 
Emax 
(meV) 
Std. Dev.
(meV) 
ΔEmax 
meV/W 
BBPow 
(a.u.) 
Std. Dev. 
(a.u.) 
ΔPBB 
(a.u./W) 
293 
0* 328.44 0.73 
5.65 
± 
0.35 
167.88 0.48 
1.20 
± 
0.12 
1108 334.73 0.48 169.12 0.77 
1515 336.96 0.25 169.56 0.70 
1900 339.20 0.27 169.96 0.60 
303 
0* 332.39 1.41 
4.44 
± 
0.94 
186.03 0.46 
1.42 
± 
0.05 
1108 337.28 0.57 187.27 0.40 
1515 339.20 0.53 187.80 0.33 
1900 340.80 0.25 188.34 0.21 
313 
0* 334.79 1.33 
4.83 
± 
1.05 
206.36 0.20 
1.66 
± 
0.01 
1108 340.32 0.29 207.88 0.14 
1515 341.76 0.54 208.46 0.17 
1900 344.15 0.71 209.07 0.14 
 
Pabs 
(mW) 
ΔEmax 
(µeV/K) 
ΔEmax,avg 
(µeV/K) 
Stef-Boltz 
Emissivity (au) 
T0 
(K) 
THS 
(K) 
ΔPBB 
(au/K) 
0 285.68 ± 41.6 
*258 
± 
2.29 ± 0.01 167.9 293 2.30 
1108 270.02 ± 14.6 2.30 ± 0.01 169.1 303 2.31 
12 1515 247.65 ± 7.32 2.31 ± 0.01 169.6 313 2.32 
1900 255.64 ± 32.6 2.32  ± 0.01 170.0   
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Sample #168-C 
Test Date 
 255
 
 
2/12/2012 16 @ ≈ Laser #06JUN 20 °C 
FTIR System #2-LN2 Ireflect 3.0 A Windows 
Range 500-3500 cm-1 Preflect 555 mW 93 % 
Co-adds/Gain/Res. 100 / 8 / 8 cm-1 PInc 1814 mW 93 % 
Detector Type PC Absorb 69.4 %  
Detector Current 35 mA Test (A) PInc Pabs Res lts u
Preamp Gain/Filter 10/300kHz/AC 3.0 1814 1259 PL Peak 
Power Meter New. 1916-C 4.0 2480 1721 
6.57 ± 1.31 
K/Watt Sample TEC Lakeshore 330 5.0 3110 2158 
Sample Mount InGa/Cu/InGa 6.0 3700 2568 
Repeat BB Range 3 N/A 
14 -1 00 cm-1 to 3255 cmPL Analysis PL Range Exp. Gauss 
 
THS 
(K) 
abs 
) 
max 
eV) d. Dev
Δ
(me
HEPL  
(K/Wa
P E Emax 
(m St . (mW V/W) tt) 
260 
 312.48 1.58 
3.41 .93 ± 1.88 
0*
1721 318.21 0.29  ± 0.81 72158 320.13 0.39 
2568 321.09 0.39 
250 
* 309.56 0.78 
2.84 .60 ± 0
0
1721 314.38 0.97  ±  0.02 6 .05 2158 315.81 0.29 
2568 316.77 0.97 
0* 303.23 1.67 
3.96 .21 ± 11721 310.06 0.29 240  ±  0.80 9 .86 2158 311.74 0.05 
2568 313.42 0.39 
210 
 294.07 0.63 
2.67 ±  0.01 6.21 ± 0.02 
0*
1259 297.36 0.63 
1721 298.80 0.63 
2158 299.76 0.63 
0* 290.17 0.81 
    2.94 ±1 29 0.3200 0.38 6.84 ± 0.79 259 3.76 9 1721 295.44 0.05 
2158 296.40 0.05 
 
THS 
(K) 
Pabs 
(mW) 
Emax 
meV Std. Dev. 
ΔEmax 
(meV/W) 
HEPL  
(K/Watt) 
160 
0* 271.46 0.06 
2.66 ± 0.01  6.19 ± 0.02 1259 274.83 0.04 1721 276.03 0.30 
2158 277.23 0.04 
150 
0* 267.39 0.06 
2.89 ±  0.31 6.72 ± 0.72 1259 270.99 0.04 1721 272.43 0.04 
2158 273.36 0.00 
140 
0* 262.88 0.30 
3.20 ±  0.00 7.44 ± 0.00 1259 266.92 0.30 1721 268.36 0.30 
2158 269.80 0.30 
110 
0* 250.83 0.70 
1.98 ±  0.40 4.60 ± 0.93 1721 254.22 0.04 2158 255.17 0.04 
2568 255.89 0.38 
100 
0* 246.78 0.21 
2.26 ±  0.01 5.26 ± 0.02 1721 250.62 0.30 2158 251.82 0.04 
2568 252.54 0.30 
90 
0* 243.60 0.04 
2.26 ±  0.00 5.26 ± 0.00 1721 247.51 0.04 2158 248.46 0.04 
2568 249.42 0.04 
Pabs 
(Watts) 
ΔEmax 
(µeV/K) 
Std. Dev. 
(µeV/K) 
Mean 
(µeV) 
Offset 
(meV) 
Std. Dev. 
(meV) 
1259 443.0 1.60 
430 
± 
8.60 
204.46 0.22 
1721 423.5 2.88 208.70 0.25 
2158 427.1 0.20 209.33 3.04 
2568 428.3 0.57 209.79 0.09 
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 Sample #211-R  
Test Date 2/13/2012 Laser #06JUN16 
FTIR System #2-LN2 Ireflect 3.0 A Window 
Range 500-3500 cm-1 Preflect 533 mW 93 % 
Co-adds/Gain/Res. 100 / 8 / 8 cm-1 PInc 1814 mW 93 % 
Detector Type PC Absorb 66.0 %  
Detector Current 35 mA Test (A) PInc Pabs Results 
Preamp Gain/Filter 
   
10/300kHz/AC 3.0 1814 1175 PL Peak 
Power Meter New. 1916-C 4.0 2480 1606 
15.20 ± 3.16 
K/Watt Sample TEC Lakeshore 330 5.0 3110 2014 
Sample Mount InGa/Cu/InGa 6.0 3700 2396 
Repeat 1 and 2 7.0 4220 2733  
  BB Range N/A 
PL Analysis xp. Gauss E PL Range  
 
THS 
(K) (mW) ( (meV/W) (K/Watt) 
Pabs Emax 
(meV) 
Std. Dev. 
meV) 
ΔEmax HEPL  
0* 319.97 1.90 
260 3.33 ± 0.02  8.22 ± 0.05 2014 328.00 0.00 2396 329.68 0.34 
2733 330.88 0.68 
250 3.34 ± 0.00 8.25 ± 0.00 
0* 318.68 0.37 
2014 325.36 0.34 
2396 326.80 0.34 
2733 327.76 0.34 
0* 315.04 0.07 
240 4.00 ± 0.94 9.88 ± 2.32 2014 321.77 0.00 2396 322.97 0.34 
2733 324.17 0.00 
0* 
210 4.00 9.88 
300.97 -- 
1175 305.51 0.05 
1606 307.53 -- 
2014 308.97 -- 
0* 299.44 1.24 
200 2.85 ± 0.81 7.04 ± 2.00 1175 302.87 0.39 1606 303.83 0.29 
2014 305.27 0.29 
0* 296.28 -- 
190 2.84 7.01 1175 299.86 -- 1606 300.34 -- 
2014 302.25 -- 
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 THS 
(K) 
Pabs 
(mW) 
Emax ΔEmax 
(meV) Std. Dev. (meV/W) 
HEPL  
(K/Watt) 
160 
0* 275.54 -- 
3.08  7.60 1175 283.43 -- 1606 285.34 -- 
2014 286.78 -- 
0* 277.59 -- 
2.85 1175 281.03 -- 150 7.04 1606 281.99 -- 
2014 283.43 -- 
140 
0* 275.54 -- 
1175 278.15 -- 2.22 5.48 1606 279.11 -- 
2014 -- -- 
0* 261.80 -- 
1198 265.69 -- 110 3.93 9.70 1637 267.61 -- 
2053 268.57 -- 
0* 255.66 -- 
1198 260.90 -- 100 4.49 11.09 1637 263.30 -- 
2053 264.73 -- 
0* 252.91 -- 
1198 257.54 -- 90 3.37 8.32 1637 259.46 -- 
2053 260.90 -- 
Pabs 
(Watts) 
ΔEmax 
(µeV/K) 
Std. Dev. Mean 
(µeV/  
Offset Std. Dev. 
(µeV/K) K) (meV) (meV) 
0   
 258
404.9 
± 
3.0 
  
1175 408.3 4.17 220.34 0.58 
1606 403.6 2.48 222.82 0.03 
2014 402.7 0.91 224.28 0.33 
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0.00
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0.03
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Sample #212-R 
 
 
Test Date 2  N16 @/16/2012 Laser #06JU  ≈ 20 °C 
FTIR System # ect 1-LN2 Irefl 3.0 A Window 
Range 500-3500 cm-1  Preflect 533 mW 93 % 
Co-adds/Gain/Res. 1 8 cm-1 814 93 % 00 / 8 / PInc 1 mW 
Detector Type P Absorb 8.8C 6  %  
Detector Current 3 Test (A) c P s Results5 mA PIn ab  
Preamp Gain/Filter 1  0 6 4.0 248 160 PL Peak 0/300 kHz/AC 
Power Meter N .0 110 014 
 ± 1.20 
att 
ew. 1916-C 5 3 2
13.53
K/WSample Temp. Lakeshore 330 37006.0  2396 
Sample Mount I   nGa/Cu/InGa   
Repeat 2X BB Range N/A 
P aly . G PL Range 00 5 c cm-1 to 325 m-1 L An sis Exp auss 14
 
THS 
(K) 
bs 
W) 
max 
eV) 
d. Dev
 
Δ
(me
HEPL
(K/Watt) 
Pa E St . Emax   
(m (m (meV) V/W) 
260 
 .69 2.56 
4.8 .12 ± 
0 315
7 ± 2.6 111606 323.5 1.61 5.94 2014 328.6 -- 
2396 327.9 1.6 
250 
 .70 0.119 
7.00 .98 ± 
0 309
1606 320.94 0.607  ± 0.45 15 1.03 2014 323.80 0.792 
2396 326.47 0.965 
240 
0 307.53 0.402 
6.37 ± 0.42 14.54 ± 0.96 1606 317.76 0.279 2014 320.35 0.452 
2396 322.79 0.615 
210 
0 296.20 1.63 
6.08 ± 0.87 13.88 ± 1.98 1606 305.96 0.237 2014 308.44 0.117 
2396 310.77 0.449 
200 
29 2.0
.08 ± .88 ± 0
0 2.05 6 
1606 30 01.81 .685 6  0.00 13 .00 2014 304. 0.329 35 
2396 306.61 0.0 07 
190 
287.9 1.0
5.47 ± 0.00 12.49 ± 0.00 
0 5 8 
1606 297.22 0.399 
2014 299.57 0.225 
2396 301.77 0.063 
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THS 
(K) (mW
Pabs 
) Std. D
ΔEmax 
(meV/W (K
Emax 
(meV) ev. ) 
HEPL 
/Watt) 
0* 0.2
5.47 ± 12.49  
272.15 4 
1606 281.91 0.22 160  0.00  ± 0.002014 284.39 0.22 
2396 286.71 0.22 
0* 268.08 0.09 
5.77  131606 0.1 277.83 150  ± 0.43 .17 ± 0.98 2014  280.31 0.11
2396 0.11 282.63 
0* 264.52 0.9
 0. 2 
9 
1606 0.2273.80 9 140 6.07 ± 01 13.86 ± 0.02014 276.15 0.11 
2396 278.36 0.05 
0* 251.31 0.01 
6 1  1606 260.09 0.01 110 .07 ± 0.01 3.86 ± 0.022014 262.32 0.01 
2396 264.41 0.01 
0* 247.72 0.34 
100 5.77 ± 0.42 13.17 ± 0.96 1606 256.50 0.34 2014 258.73 0.34 
2396 260.82 0.34 
0 242.73 0.01 
90 6.07 ± 0.86  13.86 ± 1.96 1606 252.49 0.01 2014 254.98 0.01 
2396 257.30 0.01 
Pabs (Watts)
ΔEm
(µeV/
Std. 
(µeV
Mean 
(µeV/K) 
Offset 
(meV) 
Std. Dev. 
(meV) 
ax 
K) 
Dev. 
/K)  
0 429.3 8.9
438 ±
203.42 0.81 1 5 
 1.8 1606 432.2 3.6 212.97 3 8 0.64 2014 440.4 1.3 214.34 0.01 0 8 
2396 441.30 0.32 216.61 0.01   
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Sample  #213-R 
 
Test Date 2/ 2  6JUN16 @Laser #0  ≈ 20°C 17/201
FTIR System # lect 3.0 A Window  Iref1-LN2 
Range 5  cm-1 flect  Pre00-3500 565 mW 93 % 
Co-adds/Gain/Res. 1  cm-1 c W PIn00 / 8 / 8 1814 m 93 % 
Detector Ty P sorb 63.7 %  pe C Ab
Detector Current 3 st (A) PInc Pabs Results 5 mA Te
Preamp Gai r 1 z/AC 4.0 1579 n/Filte 0/300 kH  2480 PL Peak 
Power Mete New. 1916-C 5.0 1980 
15.20 ± 3.16 
K/Watt 
r 3110 
Sample TEC Lakeshore 330 6.0 3700 2356  
Sample Moun InGa/Cu/InGa    t 
Repeat 3  Range N/ABB    
PL alysis Exp. Gauss  Range  cm-1 to 3255 cm-1  An  PL 1400
 
THS 
(K) Std. Dev. (meV/W) (K/Watt) 
Pabs 
(mW) 
Emax 
(meV) 
ΔEmax HEPL  
260 
0* 297.22 4.55 
7.69 ± 1.73 18.18 ± 4.09 1579 309.51 1.69 1980 312.15 1.35 
2356 315.50 0.34 
0* 290.16 5.58 
9.25 ± 2.20 1579 304.73 2.37 250 21.87 ± 5.20 1980 308.56 0.68 
2356 311.91 0.38 
0* 291.49 5.46 
240 6.61 ± 2.40 15.63 ± 5.67 1579 302.09 1.69 1980 304.25 0.68 
2356 307.24 0.17 
21
0* 276.95 1.75 
 0.89 18.961579 289.53 0.51 0 8.02 ±  ± 2.10 1980 293.00 0.34 
2356 295.75 0.17 
20
0* 273.35 1 
 0.22 17.09 ±0 
0.6
7.23 ±  0.52 1579 284.86 4 0.31980 287.49 0 0.0
2356 290.48 7 0.1
190 
0* 272.09 0.08 
5.85 ± 0.01 13.83 ± 0.02 1579 281.39 0.17 1980 283.54 0.17 
2356 285.93 0.17 
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THS Pabs 
(K) (mW) 
Emax 
meV Std. Dev. 
ΔEmax 
(meV/W) 
HEPL  
(K/Watt) 
0* 0.6
5.40 ± 12.77  
259.62 6 
1579 0.3268.10 4 160 0.22   ± 0.521980 0.1270.37 7 
2356 272.29 0.17 
0* 255.68 0.1
5.55  13.1
7 
1579 264.39 0.17 150  ± 0.00 2 ± 0.00 1980 266.78 0.17 
2356 0.17 268.70 
0*  
5.85  13.83 ± 0.02 
251.05 0.22
1579 0.17 260.32 140  ± 0.011980 0.34 262.59 
2356 264.87 0.17 
110 
0* 0.0
5.24 ± 0.00 12.39 ± 0.00 
238.06 0 
1579 246.32 0.00 
1980 248.47 0.00 
2356 3 250. 9 0.00 
0* 235.31 0.12 
100 4.93 ± 0.01 11.65 ± 0.02 1  579 243.08 0.17 1980 245.12 0.00 
2356 246.92 0.17 
0* 230.66 0.00 
90 5.55 ± 0.00 13.12 ± 0.00 1  579 239.37 0.00 1980 241.77 0.00 
2356 243.68 0.00 
Pabs 
tts) 
ΔEma
K
Std. Dev. 
(µeV
Mean 
(µeV/
Offset 
(meV) 
Std. Dev. 
V) 
x 
(µeV/ ) /K) K) (me(Wa
0 385.6 13.0
423 ± 1.9 
196.67 1.62 3  
1579 416.0 5.28 201.51 0.71 4  
1980 421.4 0.3 203.14 0.03 1 8 
2356 430.8 0.8 203.98 8 2 0.18 
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Sample #M214 - R 
 
 
Test Date 2/14/12 Laser #06JUN16 @ ≈ 20 °C 
FTIR System #1-LN2 Ireflect 3.0 A Window 
Range 500-3500 cm-1 Preflect 565 mW 93 % 
Co-adds/Gain/Res. 100 / 8 / 8 cm-1 PInc 1814 mW 93 % 
Detector Type PC Absorb 64.0 %  
Detector Current 35 mA Test (A) PInc Pabs Results 
Preamp Gain/Filter 10/300 kHz/AC 4.0 2480 1587 PL Peak 
Power Meter New. 1916-C 5.0 3110 1990 
8.24 ± 1.03 
K/Watt Sample TEC Lakeshore 330 6.0 3700 2368 
Sample Mount InGa/Cu/InGa    
Repeat 2 BB Range N/A 
PL Analysis Exp. Gauss PL Range 1400 cm-1 to 3300 cm-1 
 
THS 
(K) 
Pabs 
(mW) 
Emax 
(meV) 
Std. Dev. 
(meV) 
ΔEmax 
(meV/W) 
HEPL  
(K/Watt) 
260 
0* 305.10 0.98 
3.37 ±  0.44 
 
R2 =  
8.28 ± 1.08 1587 310.51 0.34 1990 311.70 0.00 
2368 313.14 0.00 
250 
0* 302.05 0.74 
3.07 ± 0.87 
 
R2 = 0. 
7.54 ± 2.14 1587 307.39 0.00 1990 308.83 0.00 
2368 310.03 0.34 
240 
0* 299.44 1.17 
2.77 ± 0.42 
 
R2 = 0. 
6.81 ± 1.03 1587 303.80 0.34 1990 305.47 0.68 
2368 305.95 0.00 
210 
0* 288.87 1.08 
3.38 ± 0.43 
 
R2 = 0. 
8.30 ± 1.06 1587 294.21 0.34 1990 295.89 0.34 
2368 296.85 0.00 
200 
0* 282.58 0.24 
4.29 ± 0.01 
 
R2 = 0. 
10.54 ± 0.02 1587 289.42 0.34 1990 291.10 0.00 
2368 292.77 0.34 
190 
0* 279.01 0.00 
3.68 ± 0.00 
 
R2 = 0. 
9.04 ± 0.00 1587 284.86 0.00 1990 286.30 0.00 
2368 287.74 0.00 
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THS Pabs
(K) 
 
(mW) 
Emax 
meV 
Std. Dev. 
(meV) 
ΔEmax 
(meV/W) 
HEPL  
(K/Watt) 
0* 0.00 
3.08 ± 0.0
 
R2 = 0.9
7.57
266.15 
0 1587 0.00 270.96 160  ± 0.00 1990 0.00 272.40 907 
2368 273.36 0.00 
0* 262.31 0.00 
 
 
R2 = 0.
7.57
3.08 ± 0.00 1587 267.13 0.00 150  ± 0.00 1990 268.57 0.00 9907 
2368 0.00 269.53 
0* 0.00 
3.08 ± 0.
911
7 ± 0.00 
258.48 
00 1587 0.00 263.30 140  7.51990 264.73 0.00 R2 = 0.9  
2368 0.00 265.69 
110 
0* 245.54 0.00 
3.08 ± 0.00 
 
R2 = 0.9907 
7.57 ± 0.00 1587 250.35 0.00 1990 251.79 0.00 
2368 75  252. 0.00 
100 
3
 
R2  
9.07 ± 0.02 
0* 240.73 0.09 
.69 ± 0.01 1587 246.52 0.00 
1990 248.20 0.34  = 0.9940
2368 249.40 0.00 
90 
2
3.68 ± 0.00 
 
R2
9.04 ± 0.00 
0* 37.31 0.00 
1587 243.17 0.00 
1990 244.60 0.00  = 0.9996 
2368 246.04 0.00 
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Pabs ΔEma
(µeV/
Std. 
(µeV
Mean 
(µeV/
Offset 
(meV) 
Std. Dev. x Dev. 
K) /K) K) (meV) Watts 
0 408. 0.
407 ± 0.72 
200.88 1 56 0.24 
1587 407. 0. 206.16 0.12 6 48 
1990 406. 0. 207.80 0.65 4 84 
2368 407. 1. 208.82 1.33 2 08 
 
